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The wi(lcs])rca(l classroom and reference use of the first edition of this 
book has encouraged the authors to prepare this second edition. The re- 
vision has been a very thorough one and in many respects this second 
V edition is virtually a new book. 

As was true of the previous edition this book can be readily adapted 
to use with any introductory course in plant physiology based upon pre- 
requisites of general botany and general chemistry. It can be used as the 
basis for a conventional recitation course or as a background source of 
information for student reading in connection with lecture-discussion 
' courses. If only certain topics are selected for lecture or laboratory con- 
sideration, reading of the intervening chapters should help the student fit 
the classroom work into a coordinated picture of the science as a whole. 
Although the presentation is coordinated from chapter to chapter, the 
book has been planned so that more advanced phases of most topics can 
be skipped by omitting certain chapters and portions of chapters without 
materially disrupting the continuity of the discussion. This feature should 
make the book useful to those teachers who attempt to present a well- 
rounded course in plant physiology in one quarter or one semester. 

While the content, organization and relative emphasis on various topics 
have undergone some obvious changes, the fundamental objectives of this 
second edition are virtually the same as those of the first. The authors 
have attemi)ted to organize a discussion of the fruidamental facts and 
principles of plant physiology which oan be inclq^ecf between th^covers 
of a volume of moderate dimensions. It has been our purpose to give 
some consideration to all topics which would be c^iTsidered significant by 
the majority of plant physiologists. We have attempted to present a 
reasoned evaluation of the data rather than a mass of undigested facts * 
and contradictory interpretations. Most of the discussion is based directly 
on data selected from the original literature, much of which is presented 
in tabular or graphical form. This approach is, we believe, consistent 

with the thesis that data are the source material from w'hich all scientific 
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concepts arise, yet it recognizes that facts alone may be a barrier to 
scientific progress unless fitted into a logical system of ideas. Students 
should grasp uncompromisingly the viewpoint that scientific knowledge 
is a structure of ideas derived from facts and observations. 

Changes in the text from the previous edition are in content, emphasis, 
and organization. Modifications in content refiect principally advances in 
our knowledge of plant physiology over the last dozen years. Changes in 
emphasis and organization are based largely upon the judgments of the 
authors, often reinforced or tempered by suggestions from other teachers 
of plant physiology. Some condensation has been effected in the early dis- 
cussion of basic physicochemical principles, because it is our impression 
that students are coming into plant physiology courses with a better 
background of such concepts than formerly. The chapters on various 
aspects of water relations have been somewhat abridged so that greater 
emphasis could be placed on metabolic processes and growth those phases 
of plant physiology in which the most rapid advances have been made in 
recent years. A chapter on enzymes has been introduced just after the 
discussion of water relatmns, in order to catalyze an understanding of 
immediately following chapters on metabolic processes. This chapter 
replaces the chapter on digestion which in the first edition was given a 
much later position in the book. Also worthy of note is the shifting of the 
discussion of respiration to a position ahead of most discussion of meta 
bohc processes.. The increasing realization that respiration is the kev to 
the synthetic as well as degradative processes of metabolism makes its 
earlier discussion desirable. The chapters on growth have undergo^ a 
considerable reorganization, one of the principal objectives of whicHas 
been the achievement of a sharper differentiation between vegetarive and 

as in their morphological aspects. ^ Physiological 

The authors are acutely aware that r 

use this textbook, plant physiologv is' not a ^ ^ students who will 

the better understanding of the behavior nf" ^ 

most, only partially controlled conHif Plants under natural or, at 
accounts for the essentially ecolovirar"^ Recognition of this situation 
of the discussion. The effects of • which underlies much 

relations between daily periodici+r^^'r^^i °° different processes, 

dicities of environmental factors H Processes and daily perio- 

environmental factors on seasonal^"*^/”^ bearing of seasonal cycles of 
sequently given a prominent nla P^ant behavior are con- 

consideration of the mechanism discussion. On the other hand, 

in the explanation of ecolomc«l I always ultimately needful 

hensive. Explanations of manv ^ avior, has also been quite compre- 

y process mechanisms require excursions 
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into the domain of biochemistry which we have not liesitatt'd to under- 
take whenever the level of interpretation which s(‘emed desirable 1 

it. 

Although less emphasized than in the previous edition, considcn ;d)lr 

space is dcvotofl to a review and extension of f)hysicochemical i)rincipl(‘> 

with which the student of physiology should be familiar. Sonu* of thi'^ 

discussion is essential for the interpretation of plant processes as such; 

some of it is essential for an understanding of the nature of the ohvsical 

factors of the environment and the manner in which they influence plant 

processes. Likewise the -structure of organs, tissues, and cells has been 

described at appropriate places as necessary hackgrouml information. 

Structure and process are inseparable and an integrateil picture of both 

is essential for a clear concept of any phase of the physiological activity 
of plants. 

With only a few exceptions each chaptei- has appended to it a li.st of 
discussion rjvicstions. These lists are meant to he suggestive and it is icc- 
ommended that each teacher supplement them with additional fpicstions, 
of more or less similar purport, hut adapted to the intere.sts and back- 
ground of his own stiulent group. ^lost of the (piestions are of the ‘‘prob- 
lem type, and many of them ha\’e been deliberately clioscn to extend 
the classroom discussion to applications which have not been considered 
in the text. Effective teaching in any science should not only lead to the 
acquisition by the student of the basic facts, principles, and viewpoints 
of that science, but should also train him in the use of that science in 
the interpretation of natural phenomena. The use of jiroperly selected 
problems as a teaching device should aid the student in making use of the 
facts and principles of a science as well as learning them. 

A large part of the manuscript of this edition has been read criticallv 
by nr. H. T. Scofield of North Carolina State College and by Dr -V 
Swanson of The Ohio Stale fnivereity. Certain ehaplera h.aVe likewise 

oZ V R- C. Rnrrell of The 

rfalso 1 Cra^^ constructive criticisms. Thanks 

encef Those fimre "■<»“ "'f ■‘'fo- 

tirccfe. inose hgures which have been takpn 

properly credited in the captions. 


('olumbus, Ohio 
fialeigh, N. C. 
Apn'h 1952 


Bernard S. AIeyer 
Donald B. Anderson 
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THE FIELD OF PLANT PHYSIOLOGY 


In an effort to understand the mechanism of a plant in its entirety 
many separate phases of the dynamic activity of plants have been recog- 
nized and studied as individual processes. In attempting to interpret these 
individual processes and their interrelationships, the plant physiologist is 
confronted with many problems: What is the mechanism by which water 
gases, and solutes enter a plant from its environment? How do such sub- 
stances pass out of a plant into its surroundings? How are foods and other 
complex organic compounds synthesized in the plant? How are they uti- 

Wbl? development and maintenance of plants as living systems? 

at transformations of energy occur within a plant, and what exchanges 
of energy take place between a plant and its environment? How are water 
and solutes transported from one part of a plant to another? How are new 
tissues constracted? How is the development of one organ or tissue co- 
ordinated with the development of other organs or tissues? Why does a 
plant produce only vegetative organs at certain stages in its iffe cycle 
and reproductive organs only at other stages? How are individual pfant 
processes and the development of a plant as a whole influenced by Lvi- 
ronmental conditions? All of these problems and many other related or 

subsidiary ones he within the province of the branch of science that is 
known as plant physiology. science tnat is 

For convenience the study ot plant life is subdivided into various 
and geMtics' 80/ a^'dlsmiauZt'ZjssTrayT^r^^^ Pathology, 

rartSrW °ther viewpoints. A 

processes of plants ationship exists between the structures and 

anatomifAl physiological process is conditioned by the 

anatomical arrangement of the tissues, and by the size, configuration, and 
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other structural features of the cells in which it occurs. Furthermore, the 
coordinated development of cells a^id tissues, i.e., of the plant itself, is a 
complex of physiological processes. Thus the sciences of plant physiology 
and plant anatomy merge in the study of plant growth. 

Just as different species of plants differ in outward configuration and 
internal anatomy, so do they also differ in physiology. The world of j:)lants 
includes a gieat number of very diverse kinds of organisms that range 
in size from simple bacterial cells a few microns long to tlie enormous 
redwoods of California. Their difference in size, although striking enough, 
is not as fundamental as another distinction which exists between red- 
woods and bacteria. The redwoods and all other green plants are able 
to manufacture their own food, while bacteria (with a very few excep- 
tions) and all other non-green plants must obtain their nourishment from 
some outside source. The pltysiology of the green and the non-green plants 
is therefore basically unlike. This book is essentially a discussion of the 
physiology of the chlorophyllous (green) plants with the emphasis on the 
vascular green plants. The physiological processes of the bacteria and 
fungi have been considered only when they have a direct bearing on the 
physiology of the green plants. 

In general the basic physiology of all vascular green plants is similar. 
This is not to say, however, that the processes occurring in one kind of 
green plant are always identical with those occurring in another. The 
physiology of a tomato plant differs from that of an oak tree in the same 
sense that the physiology of a horse is different from that of a cat. Many 
qualitative differences in metabolism are known to exist among i)lants. 
Most green plants, for example, synthesize starch, but many do not. Most 
of the physiological differences among species of green plants are quan- 
titative rather than qualitative. All vascular green plants synthesize 
chlorophylls a and 6, for example, but the proportions of these two pig- 
ments present differ considerably from one species to another. Similarly, 
under irlentical soil and climatic conditions, the rates of absorption of 
water by two kinds of plants may be very different. Even varieties of 
the same species may differ markedly in their physiological reactions to 
a given environmental complex. Under the same climatic and soil con- 

ditions f^or example some varieties of wheat are markedly cold resistant, 
while others are not. 

The Relation of Physiology to the Physical Sciences.-Formerly the opin- 
ion almost universal that living organisms owe their distinctive 

properties to the possession of subtle and unknown forces which are 
peculiar to living matter ” At the present time such “vitalistic” theories 
nnd very few advocates. The contrary and now widely held assumption 
IS that living organisms operate in accordance with the same physico- 
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chemical principles that hold in flic inanimate world. The complexity and 

elusiveness of living processes are not assumed to result from intangible, 

unknown varieties of energy, but to the intricatencss of the interplay of 

recognizable physicochemical forces in the comiilex organized system of 
the protoplasm. 

Adoption of this latter point of view has led to a widesju'ead use of the 
tools of physics and chemistry in experimental work on plants, and to 
the interjiretation of plant processes in terms of these two sciences. Thi.s 
has led to notable progress in our understanding of the physiology of 

plants and has permitted the analysis and expression of many jihysio- 
logical relations in quantitative terms. 


A knowledge of certain fundamental principles of jiliysics and chemistry 
is therefore essential to the understanding of physiological jirocesses. For 
this reason several of the earlier and parts of some of the later chapters 
in this book are devoted to a brief exposition of certain underlying prin- 
ciples of the physical sciences with which a student of plant physiology 
should be familiar. 

The Relation of Plant Physiology to the Agricultural Sciences.— Green 
plants are not only the ultimate source of all food but sujiply the raw 
materials for many of our basic industries. With the ri.se of modern in- 
dustrial civilization both the (piantities and kinds of plant ]noducts whieh 
we utilize have increased rather than decreased. In addition to foods some 
of the more important raw products obtained from plants arc wood tex- 
tile fibers, pulp, rubber, vegetable oils, gums, and drugs. Even most of 
the so-called synthetic products” of the chemist are not synthetic in the 
sense that they have been built up from simple inorganic compounds 

Xt pLSf " niodifications of naturally occurring 

An industrial civilization not only requires a wide variety of plant 
products but insists that these products meet certain standards of qual- 
ty The successful cuhivation of plants has, therefore, become a highly 
skilled occupation, and the agricultural sciences are rapi.llv becoming a 
domain of the specialist. Success in controlling the activities of livine 
plants cannot be achieved without some understanding of the processes 

environmental cLditions 
upon these processes. The problems of the forester, the fruit grower the 

XivXXls others ’who 

maXX*""!^* • physiology have contributed in 
many na,. to improved methods of propagating, cultivating, and har- 


4 


THE FIELD OF PLANT PHYSIOLOGY 


vesting economically important plants, and to methods of handling and 
storing many plant products. Furthermore, control of the fungous dis- 
eases and insect predators of plants often requires application of the 
principles of plant physiology. Much of the investigational work carried 
on by scientific agronomists, horticulturists, floriculturists, and foresters 
actually lies in the field of pure or applied plant physiology, although 
often it is not formally classed as such. 

The last hundred years have witnessed the evolution of the agricul- 
tural sciences from largely empirical arts into the realm of applied 
sciences. More progress has been made in their improvement during this 
period than during all previous history. In substantial part this develop- 
ment of a scientific approach to the practice of agriculture has come as 
a result of advances in our knowledge of the physiology of plants. 

Plant Physiology as a Science. — The origin of man’s first conscious in- 
terest in plants long antedates recorded history. Agriculture had already 
become a highly developed art thousands of years before any experi- 
mental study of plant processes began. Consequently, there had grown 
up a vast body of traditional plant lore which passed orally from father 
to son, generation after generation. This |)ractical knowledge of plants 
developed over many centuries as a result of countless, mostly involun- 
tary, trial-and-error experiences and innumerable observations of plant 
behavior under all kinds of circumstances. Much of this mass of mingled 
facts and beliefs regarding plants is alive in the consciousness of the 
common man today. The closer he lives to the soil and the more familiar 

he is with traditional plant lore, the more they influence his thoughts 
and actions. 


Many of these customarily accepted beliefs are essentially sound and 
most of them contain elements of truth. Others, however, are entirely 
erroneous, and not a few are tempered with superstitions, some of which 
have an unbroken lineage back to the days of witch-doctors and sav- 
apry. No reputable botanist has held for generations, for example, that 
plants obtain their food from the soil, yet this and many other falla- 
cic^s beliefs are still widely entertained among the general population. 

The value of practical information about plants should not be under- 
rated, since its perpetuation in the mind of man permitted the develop- 
ment of agriculture to a high plane as a practical art before any 

ZtTl Z ^ point of view was 

undertaken. Nevertheless, traditional plant lore frequently is not only 

po^S'^oTview misconceptions, and often suffers from 

Further »' 

The layman, for example, orten pemonihes plant, in an attempt to 


PLANT PHYSIOLOGY AS A SCIENCE 


5 





explain tlioir behavior. Man has desires and foresight, and it is often 
assumed, either consciously or tacitly, that plants are similarly endowed. 
To many, for example, the statement that “roots grow downward in 
search of water,” or that “stems grow upward in order to reach the 
light” are accepted as adequate “explanations” of plant behavior. Man’s 
knowledge that water and light are e.ssential to plants is not evidence 
that plants are similarly aware of these facts. To assume that plants 
realize their needs and are able to act in conformity with their require- 
ments is equivalent to crediting them with a high order of intelligence. 
Explanations of plant behavior are commonly encountered in which pur- 
poseful action on the part of plants is tacitly or deliberately implied, 
although there is no justification for the adoption of such a point of view. 

Furthermore, the layman seldom pursues his quest for information 
about plants beyond the stage of observation, while the scientist fre- 
quently does. Obsers'ation has suggested, for example, that light is 
necessary for the continued existence of plants. To one who is scientif- 
ically minded, either by instinct or training, the obvious next step is to 
test this postulate experimentally. If the suggested hypothesis is sub- 
stantiated by experiment it is tentatively accepted as a theory. Theories 
such as those proposed in explanation of the processes or reactions of 
plants, together with the experimental results which are considered to 
support them, are usually published in a scientific journal or monograph 

and thus exposed to evaluation and further experimental testing by 
other scientists. 


Continued experimentation may lead to substantiation, rejection, or 

modification of the theory as originally proposed. Modification would 

undoubtedly be the fate of the hypothesis used as an example since 

sooner or ater some investigator would find that non-green plants can 
thrive in the absence of light. 

Experiments often raise more questions than they answer. New ap- 
proaches to the problem under consideration as well as desirable new 
mes of inquiry are constantly opening up to the alert investigator In 
this way experimentation leads to more experimentation, more facts 
accumulate, and more theones are proposed. Some of the suggested hy- 
potheses are confirmed, others are rejected, and still others are modified. 

and T ^ suggest further observation 

there U I T K u I ‘ painstaking labors 

knnwl H "“d ever-changing Ldy of 

knowledge which we refer to as a science. 

The system of subjecting all hypothetical explanations of natural 
p ° expenmentation is the essence of experimental science, 

gressive modification of accepted concepts in the light of new experi- 
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mental findinpis continually increases the soundness of scientific gener- 
alizations. Thus there are incorporated into any science theories and 
generalizations in various stages of acceptance. Some stand ui:)on such a 
firm suhstructure of facts that they are accepted by all authorities in 
the field. Others, less securely supported by experimental results, are 
subscribed to by some but rejected by other workers. Finally, in any 
science there are always some theories which are so dubious that they 
find only a few advocates. Furthermore, some of the theories now 
widely hel<l sooner or later will be discarded or modified as a result of 
new findings or as a consequence of different interi)retations of facts 
already known. 

tlowever, not all scientists arc always in agreement regarding the in- 
terpretation of the same sets of facts. Although this state of affairs is 
entirely consistent with the spirit of scientific research, it is frequently 
puzzling to students and laymen. Differences of opinion regarding the 
hyputneses which suitably explain scientific phenomena arc most likely 
to arise when experimental data are inadequate. Disagreements regard- 
ing the interfiretation of ex])erim('nts and observations are often inevi- 
table steps in the clarification of scientific generalizations. Controversies 
usually focus attention upon gaps in our factual information. Fre- 
quently, therefore, they are stimulating to research and often lead to a 
further enrichment of human knowledge. 

A\’ithout the knowledge of i)lant jirocesses which has been slowly accu- 
mulated through more than two centuries of observation, experimenta- 
tion, and critical evaluation by numerous workers in all parts of the 
world, this book could never have been written. In sj^ite of the patient 
labors of these many workers, vast gaps still exist in our understanding 
of the physiology of plants — gaps which are reflected in the necessarily 
inadequate treatment of many tojiics in this book. The future of this 
science and all others lies in the hands of the front-line investigators 
who wage a continual struggle for the extension of human knowledge. 
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PROPERTIES OF SOLUTIONS 





Water is the most abundant compound present in all physiologically 
active plant cells. The water which occurs in a liquid state in plant 
cells invariably contains other substances dissolved in it and usually 
also contains dispersed particles which are not in true solution. When 
the particles dispersed throughout the water are within a certain range 
of sizes the system of water plus particles falls into the category of 
colloidal systems. The complicated dynamics of living systems can be 
largely interpreted in terms of the physicochemical properties of solu- 
tions and colloidal systems, one component of which is water, although 

it should not be inferred that nonaqueous solutions and colloidal sys- 
tems are entirely absent in living organisms. 

Similarly liquid water never occurs in the pure state in the natural 
environment of living orpnisms. The water of streams, lakes, and oceans 
invariably contains various substances in solution and usually in the 
form, of dispersed particles as well. This is likewise true of the soil water 
Even raindrops the products of natural distillation, contain gases and 
other solutes which have dissolved in them from the atmosphere 
General Nature of Solutions.-^imple solutions are systems in which 
one component (the solute) is dispersed throughout the other (the sol- 
vent) m the form of molecules or ions. Theoretically the solvent may be 
a gas, a solid, or a liquid, but solutions in which the solvent is a liquid 

TZ I T ™P°rtant in living organisms. Except in extremely 
concentrated solutions the average distance between the solute particles 

iB usually very great relative to their size. Naturally occurring solutions,. 

nnm^ T organisms or their environment, usually contain a 

0 1 eren solutes and are often exceedingly complex. Water 

the commonest and most important of all solvents both in the in- 
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organic world and in the realm of living organisms. The further dis- 
cussion will be principally in terms of aqueous solutions. 

Solutions of a Gas in a Liquid. — The water present in living organisms 
usually contains dissolved gases. Those most commonly present are 
carbon dioxide, oxygen, and nitrogen. Practically all the water in the 
environment of organisms — in oceans, lakes, streams, soils, and rain- 
drops — also contains these gases in solution, and sometimes others as 
well. 

A given volume of water or any other liquid will hold only a limited 
quantity of gas in solution at a given temperature. When no more of a 
certain gas can be dissolved in a liquid it is said to be saturated with 
respect to that gas. Gases vary widely in their solubility in water, but 
in general fall into two groups: those which are sparingly soluble, and 
those which are highly soluble. When only a small fraction of a unit 
volume of a gas will dissolve in a unit volume of water the gas is clas- 
sified in the sparingly soluble group. When from one to many unit vol- 
umes of a gas will dissolve in one unit volume of water it is classified 
in the highly soluble group. 

Oxygen, hydrogen, and nitrogen are familiar examples of gases be- 
longing to the first group, while carbon dioxide, ammonia, and hydrogen 
chloride are examples of the second. When gases are highly soluble in 
water it is usually evidence that a chemical reaction takes place between 
the gas and water. The reactions between water and carbon dioxide and 
water and ammonia are indicated in the following equations: 


CO2 + H2O ^ HaCOs 
NH3 + H2O NH4OH 


In a solution of such gases not only are molecules of the gas present, 

but also molecules of a compound formed by the reaction of the gas with 

water. The apparently great solubility of gases such as these results 

from the formation of relatively soluble compounds by the reaction of 

the gas with the water. The solubilities of some common gases in water 
are shown in Table 1. 

In general, as also shown in Table 1, an increase in temperature de- 
creases the solubility of a gas in a liquid. 

Increase m pressure of a gas above a liquid increases the solubility, 
i.e., the concentration of that gas in the liquid. For sparingly soluble 
pses the increase in solubility is directly proportional to the increase 

This principle also holds qualitatively, 
but not quantitatively, for the very soluble gases. 

When a mixtnrA 
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dissolves independently and in accordance with the gaseous pressure 
(“partial pressure”) which it exerts against the surface of the water 
(“Law of Dalton”). This principle holds strictly only for those gases 
which are slightly soluble in water. For example, about one-fifth of the 
atmospheric pressure results from the oxygen present. Assuming an at- 
mospheric pressure of 760 mm. Hg (the value at standard conditions), 
the pressure resulting from the oxygen is equivalent to about 152 mm. 
Hg. The quantity of oxygen which dissolves in water exposed to the aii 
is the same as that which would dissolve if oxygen only at a pressure 
of 152 mm. Hg occupied the space over the water. 


TABLE 1 SOLUBILITT OF SOME COMMON GASES IN WATER AT DIFFERENT TEMPERATURES 

WHEN THE PRESSURE OF THE CAS IS ONE ATMOSPHERE 


Gas 

Volume of gas dissolved in one volume of 
water (reduced to standard conditions) 

lo** C. 

20 ° C. 

30° c. 

Carbon Dioxide 

1. 194 

0.878 

0.66c 

Oxygen 

0.0380 

0.0310 

0.0261 

Nitrogen 

0.0186 

0.0154 

0.0134 

Hydrogen 

o.oi9( 

0.0182 

0.0170 


Solutions of a Liquid in a Liquid. — In general, solutions of a liquid in a 
liquid fall into two classes: those in which the liquids are freely miscible 
with each other in all proportions, and those in which each liquid reaches 
a definite point of saturation in the other. Ethanol (ethyl alcohol) and 
water, for example, mix with each other in all proportions; such a solu- 
tion is an example of the first mentioned type. Many oily liquids also 
are miscible with each other in all proportions. A familiar example is 
the solution of lubricating oil in gasoline. In solutions of this kind the 
liquid present in excess is usually considered to be the solvent. In a 50 
per cent solution of ethanol and water, either liquid could be considered 
the solvent, or either could be considered the solute. 


Ether, chloroform, and many other liquids are sparingly soluble in 
water. After water and ether, for example, are shaken together in a flask, 
two distinct layers of liquid separate upon standing. The upper layer 
consists of the lighter ether, saturated with water, and the lower con- 
sists of water saturated with ether. In both layers, however, the concen- 
tration of solute present at saturation is small. In the upper layer ether 
IS the solvent, water the solute; the opposite is true of the lower layer. 

Solutions of a Solid in a Liquid- — This is by far the most familiar type 
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of solution and in many respects the most important. Substances in the 
solid state vary greatly in their solubility in water, ranging all the way 
from those which are virtually insoluble to those which are extremely 
soluble. There is usually a limit to the amount of any solute which can 
be dissolved in a given volume of water at a given temperature. When 
this limiting concentration is reached the solution is said to be saturated, 
following the same terminology used with solutions of gases and liquids 
in liquids. It is almost impossible to jirepare a true saturated solution 
of any solute unless some of it is also present in the solid state. Under 
certain conditions, and only when none of the undissolved solid is pres- 
ent. a sn-per-saturated solution can be prepared; i.e., a solution in which 
the concentration of the solute is greater than that in the saturated solu- 
tion. If a fragment of the solid solute be added to such a solution, the 


excess solute usually crystallizes out immediately, and the concentration 
of the solution decreases to that usually present at saturation. 

I sually increase in temj^crature increases the solubility of a solid in 9 f 
liquid, but there are some exceptions to this principle. The solubility of 
common salt (NaCl) in water, for example, is only slightly infliienced by 
temperature, whereas the solubility of many calcium compounds is de- 
creased by an increase in the temperature of water. 

Methods of Expressing the Composition of Solutions. — If a mol ’ of any 
soluble compound be dissolved in just enough water to make exactly one 
liter of solution, the result is a volume molar solution. Since the volume 
of water changes with temperature, it is usual to specify that the solution 
is to be made up to a liter volume at 20°C. Whenever the word ynolar is 


used without qualification, this type of solution is meant. Similarly, if 
half the molar weight or ope-tenth the molar weight of a substance be 
dissolved in enough water to make exactly one liter of solution, the result 
IS a half molar (0.5 M) or tenth molar (0.1 A/) solution, respectively, etc. 
Gram molar weights of all substances contain the same number of mole- 
cules. The best estimate to date shows this number to be about 6 02 X 10^'^ 
molecules Hence, one liter of any volume molar solution will contain this 
number of solute molecules, one milliliter (0.001 liter) will contain one 
thousandth of this number, and so on. Equal volumes of all solutions of 

hT the same number of solute molecules 
but different numbers of solvent molecules. If a given volume of a volume 

anv relth etc^ Therefore a volume molar solution of 

solution will have a v f ^^d the resulting more dilute 

. . ° molarity m proportion as it has been diluted. 

A mol .s the molecular weight of a compound m grams. 


ELECTROLYTES AND NON-ELECTROLYTES 





If a mol of any soluble substance be completely dissolved in 1000 g. 
of water, the result is a weight molar or molal solution. Such solutions are 
used principally in experimental work upon various osmotic phenomena 
The addition of a mol of most solids to a liter of water increases the vol- 
ume of the resulting solution to more than one liter. This increase in 
^ olume is called the solution volume of the solute. The solution volume 
of many substances is very small, and for a few it is even negative, i.e., 
there is a shrinkage in volume when the solute is added to the solvent. 
On the other hand, the solution volume of some compounds, especially 
the sugars, is considerable. When a mol of sucrose is added to 1000 g. of 
water, the resulting solution will have a volume of 1207 cc. at 0°C. Henee 
the solution volume of a mol of sucrose is 207 ml. The solution volume of 
a mol of sodium chloride, on the other hand, is only about 18 ml. Since 
every solute has a different solution volume, it follows that equal volumes 
of molal solutions of different substances do not contain the same number 
of either solvent or solute molecules. Dilution of a given volume of a 1 
molal solution with an equal volume of water does not result in a 0.5 
molal solution because such solutions must be diluted in terms of the 
volume of solvent present, not in terms of the total volume of the solution 
In physiological work it is often convenient to make up solutions on 
a percentage basis. Unfortunately not all workers follow the same rules 
for the preparation of percentage solutions. The simplest and least ambig- 
uous procedure to follow is to make all such solutions strictly on the basis 
of percentage by weight. A 10 per cent solution of sodium chloride for 
example, is made by dissolving 10 g. of sodium chloride in 90 g of water 
Similarly, a 20 per cent solution of acetone is made by mixing 20 g of 
acetone vdth 80 g. of water. Solutions of liquids in liquids, such as the 
immediately preceding example, are often made up according to percent- 

7 shrinkage in total volume which often 

Troce^e ° » very satisfactory 

Electrolytes and Non-Electrolytes.— Some aqueous solutions readily con- 
duct an electric current ; others do not. The former are called electrolytes ■ 

alcohoirr'i compounds such as the sugars, 

alcohols, ketones, and ethers are non-electrolytes ^ 

comnoSn ^ 4 ^ 1 current through an electrolyte results in its de- 

thrSt oMe electrolysis. If hydrochloric acid is 

electrolyte, for example, hydrogen gas will be liberated at the nega- 

stance. biit it is*ako refers only to a solution of an ionized sub- 

produces ions. A similar dual ^ compomid which, when dissolved in water, 

Sftge of the term non-electrolyte also prevails. 
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tive pole {cathode) and chlorine gas will be liberated at tlie positive pole 
[anode). If electrolysis is continued long enough, eventually all of the 
liydrochloric acid present in the system will be decomposed into hydro- 
gen gas and chlorine gas. 

The occurrence of electrolysis, as well as the unusually large effects 

of electrolytes on the osmotic pressures of solutions (Chap. VI), has led 

to an ex])lanation of the behavior of electrolytes in terms of the theory of 

electrolytic dissociation. This theory was first advanced by the Swedish 

chemist Arrhenius in 1887. According to the Arrhenius theory, when an 

electrolyte is dissolved in water some of the molecules dissociate into two 

kinds of particles, one positively charged, the other negatively charged. 

Each of those particles is called an ion. Ions are supposed to be present 

in a solution whether any electrolysis occurs or not. Two, three, four, or 

even more ions may be formed from a single molecule. The conduction 

of an electrical current by an electrolyte is a consequence of the presence 

of these ions. The dissociation of several typical electrolytes is indicated 
by the following equations: 


NaCl ^ Na+ + CI- 
CaCl 2 Ca++ + Cl- + 01“ 
Na 2 S 04 ^ Na+ -f Na+ + SO 4 — 


The positively charged ions, which in electrolysis migrate toward the 

ca ^ called cations; the negatively charged ions which migrate 

owar t e anode are called anions. A cation may carry one, two, three, 

or even four positive charges; an anion may carry from one to several 

negative charges. When an electrolyte dissociates, the number of positive 

C arges earned on the cations is always equal to the number of negative 
charges earned by the anions. 

.nlnf'r tloes not assume complete ionization ot all of the 

dissociatinJ^*lTiT ^ cctrolyte but that the molecules are continuously 
iuni r. ™ “te continuously 

a™ whfnever Proceeding at an equal 

molecules are maintained in a^issoclate7'°V. Proportion of the 
electrolytes; those ot which the contra^ 1 "®‘''ong’ 

e,e.tro^t:7rro‘nr:in7:,'r“ « 77 

electrolyte solution the larger the proportion of dissociated 


ELECTROLYTES AND NON-ELECTROLYTES 


molecules present. In extremely dilute solutions 
complete. 

It is probable that many of the so-called non-electrolytcs also disso- 
ciate very slightly in solution, but the degree of ionization of such com- 
pounds is so small that it can be detected only by ver>' refined methods, 
if at all. Even water, as the subsequent discussion will show, dissociates 
slightly, producing hydrogen and hydroxyl ions. 

The theory of electrolytic dissociation accounts much more satisfacto- 
rily for the behavior of weak electrolytes than of strong electrolytes. 
Furthermore, X-ray studies of the crystals of electrolytes, such as sodium 
chloride, show them to be composed wholly of ions. For these and other 
reasons Debye and Hiickel (1923) advanced a modification of the original 
dissociation theory which reconciles otherwise conflicting facts. 


TABLE 2 — DECREE OF DISSOCIATION OF NORMAL SOLUTIONS OT SOUS 

COMMON ELECTROLYTES 


Electrolyte 

Degree of 
Dissiociation 

Electrolyte 

Degree of 
Dissociation 

HNO, 

HCl 

H,S04 

KOH 

NaOH 

82 per cent 

78 

5* 

77 

73 

Ba(OH), 

KCl 

BaCl, 

KiSOi 

CuS 04 

69 per cent 

74 

57 

59 

22 


According to the Debye-Hiickel theory all strong electrolytes are com- 
pletely ionized in solution. The fact that they appear to be only partly 
ionized is accounted for in terms of interionic attractions. The anions 
and cations of NaCl, for example, attract each other, and this attraction 
is so great that a considerable proportion of the ions present become im- 
mobilized. Thus there are supposed to be present in the solution both 
immobile or bound cations and anions, and mobile free cations and anions. 
The two categones of ions are supposed to be in dynamic equilibrium 

with each other. The greater the dilution of the solution, the greater the 
proportion of free to bound ions. 

One further aspect of this theory should be mentioned. A bivalent ca- 
ion sue as Ca++ carries twice the positive charge carried by a univalent 
ca ion sue as Na+. Such bivalent cations attract anions more strongly 
than univalent cations. Hence, in a solution of CaCU there is a larger 
proportion of immobile ions (equivalent to a smaller degree of ionization) 
^ an m a solution of NaCl of equal concentration. In a solution of CuSO^, 
o eing bivalent, the proportion of immobile ions is even greater, 

resulting in a still lower apparent degree of ionization (Table 2) . 


A 

ionization is practically 
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'rhe consequences of electrolyte behavior as pictured by the Debye- 
Hiickel theory are almost identical with those pictured by the original 
Arrhenius theory. According to the Debye-Hlickel theory the degree of 
ionization of an electrolyte represents the proportion of free ions in a so- 
lution in contrast to immobile or bound ions; according to the Airhenius 

theory it represents the proportion of ions in contrast to undissociated 
molecules. 

Acids, Bases, and Salts. — An acid may be defined as a substance which 
forms hydrogen ions (PI + ) when dissolved in water. Since H+ is a pro- 
ton a hydrogen atom minus an electron), from another point of 

■\ iew an acid can be considered to be a compound which is a proton donor. 
For various reasons it is considered unlikely that free j^rotons wander at 
large in a solution, and there is evidence that each proton (hydrogen ion) 
becomes loosely attacherl to a water molecule, becoming a hydronium 

ion (H3O + ). From this point of view the ionization of an acid represents 
a reaction with water: 


HCl + H2O ^ HaO+ 4 - Cl- 

Although this theory of the ionization of acids is widely accepted, in ac- 
tual practice the symbol H+ is still generally used in discussions of acid- 
ity and hydrogen ion concentration. 

The most common inorganic acids are hydrochloric (HCl), nitric 
(HNO3), and sulfuric (HoSO^). In living organisms a large group of more 
complex, but much weaker acids, known as organic acids, play important 
roles. The “strength” of an acid depends upon its degree of ionization; 
the greater the proportion of hydrogen ions an acid produces in solution 
at a given concentration, the “stronger” it is. 

defined as a substance which produces hydroxyl ions 

H ) when dissolved in water. The characteristic properties of bases 

result from the hydroxyl ions produced. Some of the commonest bases 

are sodium hydroxide (NaOH), calcium hydroxide (Ca(OH)2), and po- 

assium hydroxide (KOH). The “strength” of a base, like that of an acid, 

pends upon its degree of ionization. The greater the proportion of hy- 

[, produces in solution at a given concentration, the 

stronger it is. 

A- salt may be defined as a compound which has been formed by the 

r/ T “"'’T o" nations of a base. 

t^on as a Zu T X """ " <^°g-ther in a solu- 

acid’aL Xe XvdrX 1 X? TX hydrogen ionfs) of the 

called neutrah'z f ^ ° base, forming water. This reaction is 

called neutrahzation. Following are several examples: 


HYDROGEN ION CONCENTRATION 



HCl NaOH NaCl + lijO 

H 2 SO 4 + 2 KOI I KoS()4 + 2 H 2 O 

2 HCl + Ca(()H )2 CaCU + 2 H 2 O 

Since water is practicall}^ undissociated, neutralization reactions go rap- 
idly to completion. The reverse reaction, indicated in the above equa- 
tions by the arrows pointing to the left, is called hydrolysis. 

Under certain conditions hydrolytic reactions may proceed at a rapid 
rate, although in the examples presented above the speed of the reaction 
toward the left (hydrolysis) is negligible compared with the speed of the 
reaction toward the right (neutralization). 

Normal Solutions. — The concentrations of acids and bases are most 
commonly expressed in terms of normal solutions. A normal solution of 
an electrolyte contains in a dissolved state per liter of solution at 20®C. 
a weight of the compound in grams equal to its molar weight divided by 
its hydrogen equivalent. The hydrogen equivalent of a compound is de- 
fined as the number of replaceable hydrogen atoms in one molecule, or 
the number of atoms of hydrogen with which one molecule could react. 
Thus a normal solution of an acid contains 1.008 g. of replaceable hydro- 
gen per liter; a normal solution of a base 17.008 g. of replaceable hy- 
droxyl per liter. By this system the concentration of any acid, base, or 
salt can be designated as 0.1 AT, 0.5 N, 2 N, etc., as the case may be. 

The normality of an acid solution is a measure of its total acidity, i.e., 
of its concentration in terms of replaceable hydrogen ions. Similarly the 
normality of a base solution is a measure of its total basicity. Since 1 .008 
g. of replaceable hydrogen represents the same number of ions as 17.008 g. 
of replaceable hydroxyl, it is evident that equal volumes of acid and base 
solutions of equal normality will exactly neutralize each other. 

Hydrogen Ion Concentration.— The effects of acids upon chemical reac- 
tions and upon physicochemical conditions generally in both inorganic 
systems and in living organisms result principally from the hydrogen ions 
wdnch they produce when in solution. Some of the most fundamental of 
physiological phenomena are markedly influenced by the concentration 
of hydrogen mns in the medium in which they occur. For many purposes, 
therefore, it is more important to have some sort of a measuring stick of 

the concentration of hydrogen ions present in a solution than of the total 
acidity of the solution. 

Total acidity, as already noted, is customarily expressed in terms of 
norma ity. It is also entirely possible to use the normal system for ex- 
pressing the concentration of hydrogen ions. A normal solution of hydro- 
c loric acid, for example, behaves as if about 78 per cent of the molecules 
are dissociated. The term “normal” as used in the preceding sentence re- 
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fers to total acidity, i.e., to all the ionizable hydrogen whether actually 
present as ions or combined with anions in the form of molecules. In 

hydrogen ions present, however, such a solution is only 0.78 
.V. The term no^al” as used in this latter sense refers only to the ion- 
ized hydrogen. We may speak, therefore, of a normal solution of hydro- 
gen ions as well as of a normal solution of an acid 

Since no acid ever behaves as if completely dissociated, a normal solu- 
lon of any acid will always be less than normal when its concentration 

a norTaT^'^l T' hydrogen ions present. In order to prepare 

whictn! m ^ necessary to make up a solution 

which IS more than normal in terms of total acidity. Such a solution must 

be of the precise strength and degree of dissociation that exactly 1.008 g. 

the lonizable hydrogen present are actually in the dissociated form- 
as ions — per liter of the solution. 

of 'concentration can be readily expressed in terms 

it is l^p]v r’ ^ generally used because 

ro thet^ cumbersome,, especially when it is necessary to refer 

oloeicfti 7 cmcentrations of hydrogen ions usually dealt with in bi- 
a if define? T"' ^‘’^'^y'^cogen ion concentration of a solution is gener- 

ematJcal rel? f ^^"^s a simple Lath- 

of its normali’? n hydrogen ion concentration of a solution in terms 
svstem it n ^ because of the practically universal acceptance of this 
ts e^t ? understand the significance of the term pH and 

The relat^n h ion concentration expressed in terms of normality. 

of of a normal solution 

forth Zero ifthe 1 ’ ° if f solution 1, of a 0.01 solution 2, and so 

Sm ofToO a? slToTTh '’u of 10, 2 is the loga- 

^ ^:y'Tso rdffifed 

IS a certain definite concoiltration of 1 7c°"ccntration of hydrogen ions 
of hydroxyl ions is indicated in Table (h ' f 

principle of mass action tlmi n ^ pOH. It can lie shown I)y (lu‘ 

tion of liydroxyl ions and tl 'einatical ju-oduct of the coneent ra- 
tion is a constant This mav hydrogen ions in a .-^olu- 

aiiL. nils may be expressed as follows; 


(11+) X (OH-) = K. 


K = lo-'< at 22°C. 


TABLE 3 THE DELATION OE TO HYDROOEN-ION COKCENTRATION EXPRESSED IN TERMS OF NORMALITY 


HYDROGEN ION CONCENTRATION 
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Hence, as the pH of a solution is increased, the pOH decreases and vice- 

versa. For example, if the pH increases from 5 to 6, the pOH decreases 
from 9 to 8. 

i:^ urthermore, only at pH 7 can the concentration of hydrop;en ions equal 
the concentration of hydroxyl ions. This is, therefore, the neuti'al point on 
the pH scale (at 22°C.) and corresponds to the dissociation of pure water. 
This pH value represents a dissociation of only one water molecule in 
approximately every 555,000,000. 

Values below 7 on the pH scale represent the acid range, those above 
7 the alkaline range of^the scale. An “acid** solution is one with a larger 
concentration of hydrogen ions than hydroxyl ions, while in an ^‘alkaline” 
solution the reverse is true. The lower the pH value the greater the hy- 
drogen ion concentration of a solution. A pH value of 5 represents ten 
times the hydrogen ion concentration of a solution with a pH of 6 and 
one hundred times the hydrogen ion concentration of one with a pH value 
of 7. This is a consequence of the fact, previously emphasized, that the 

numbers on the pH scale are related to each other as logarithms and not 
as ordinary arithmetic numbers. 

The hydroxyl ion concentration of a solution could be expressed in pOH 

units instead of in pH units. For alkaline solutions especially this would 

seem to be a logical practice. But because of the definite mathematical 

relationship between the pH and pOH, the pH value alone also defines 

the pOH value. Hence both the acidity of a solution in terms of H+ ions 

and its alkalinity in terms of OH“ ions may be, and customarily are, ex- 
pressed in terms of pH units. 

Table 3 shows only the pH values corresponding to the range between 
a normal solution in terms of hydrogen ions and a normal solution in 
terms of hydroxyl ioqs. It is possible for aqueous solutions to exist which 

ave a pH value of less than 0 (i.e., a minus pH value) or more than 14. 

5 iV solution of hydrochloric acid, for example, would have a pH value 
of a httle less than 0; correspondingly a 5 solution of sodium hydroxide 


TABLE 4 pn VALUES OF SOME COMMON ACIDS AND BASES 


Acid or Base 

Normality 

pH 

HCl 

HCl 

CH3COOH 

CHaCOOH 

NaOH 

NaOH 

NH4OH 

NH4OH 

1 .0 

0. 1 

1 .0 

0. 1 

1 .0 

0. 1 

1 .0 

0. 1 

0. 10 

I .071 

2.366 

2.866 

I4.05 

M07 

11.77 

11.27 
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would have a pH value a little greater than 14. Table 4 give.s the pH 
A alue for solutions of some common acids and bases. 

Buffer Action.— The initial pH value of a 1 solution of sodium chlo- 
ride will not differ appreciably from that of the water with which it is 
made.3 If, however, 1 ml. of a 1 iV hydrochloric acid solution be added 
to 10 ml. of a 1 A^ solution of sodium chloride the pH of the resulting 
mixture will be found to have dropped abruptly to a value of about one. 
If, on the other hand, a 1 N hydrochloric acid solution be added, 1 ml. 
at a time, to 10 ml. of a 1 A^ solution of sodium acetate, it will be’ found 
_at change m the pH of this solution takes place much more slowly. 

hese facts, as well as the others discussed in this section, are illustrated 



solution Ldiu„ThI„r,f doei „„r" * 

sen or hydroxyl fono L l„Tn as hiZ ,0,' 

solutions is called buffer action Solntif and this property of 

show no buffer effect are c.llcd unhaX/LtSX™ 

1 ml. of the same solution be added ” S ™1 oTTii" « 

®The H f ■ ■ ^ ^ of a 1 AT solution of sodium 

atmosphere k about'57.'^*^®'^ with the carbon dioxide of the 
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acetate, its pH will also increase markedly. In other words, the sodium 
acetate solution is buffered against the addition of an acid, but not against 
che addition of a base. If, on the other hand, 10 ml. of a 1 solution of 
acetic acid be substituted for the sodium acetate, it will be found that 
this solution IS strongly buffered against the introduction of hydroxyl 
ions into the solution. A mixture of equal volumes of molar sodium ace- 
tate solution and molar acetic acid solution will exliibit buffer action 
agmnst both acids and bases over a considerable range of the pH scale. 

Different buffer solutions vary greatly in tlieir effectiveness in main- 

taining pH stability. Some are strongly buffered against acids and weakly 

buffered against bases; of others the converse is true. The commonest 

ypes of buffer systems are those composed of a weak acid plus one of 

Its salts. The sodium acetate-acetic acid buffer system already described 

IS such a system. Practically all of the buffer solutions of importance in 
living organisms belong to this group. 

Buffer action consists essentially in the tying up of free hydrogen or 

y nearly as rapidly as they are introduced into the solution 

by the formation of compounds which are only slightly dissociated. The 

ensuing change of pH is therefore relatively small in proportion to the 

VO o acid or base added. As an illustration let us consider once more 

a so u ion consisting of both sodium acetate and acetic acid dissolved in 
water. 

These two compounds dissociate as follows: 


CHjCOONa CH3COO- + Na+ 

CH3COOH CH3COO- -f H+ 

The sodium acetate is strongly dissociated, but the acetic acid will dis- 
sociate only slightly, being a weak acid. 

1 that a little HCl be added to this solution. This is equiva- 

^nt to adding H+ and Gl- ions and HCl molecules; the latter, however, 
will dissociate, forming additional ions as rapidly as the H+ and Cl" 

present are bound up in chemical combination. H+ and 

ahl. hy side in the same solution in appreci- 

Hence tRp” CH3COOH is a poorly dissociated compound. 

CH COOK T? r^i-^ ^ tied up in the formation of 

in the ^ NaCl with the Na+ ions which dissociates 

concentrai f ^ «hght increase in the 

sUght reduction in pH°^ahie°°^ solution, and hence only a very 

tion^S n ^ NaOH be added to this solu- 

tion. This IS equivalent to adding Na+ and OH- ions and NaOH mole- 


DISCUSSION QUESTIONS 


21 


cules; the latter, however, will produce additional ions by dissociating 
as rapidly as the Na+ and OH- ions already present are tied up in 
chemical combination. But OH- and H+ ions cannot exist side by .si.le 
in the same solution in appreciable concentrations since H.O is only 
lightly dissociated. Most of the added OH- ions therefore combine with 

CH TnnTJ CH 3 COOH and form H^O. More of the 

morf^f the OH- ions, which in turn unite with 

?on, if”!- ""P’ CHaCOONa with the CH3COO- 

10ns which dissociates in the usual way. The final result is that there is 

and decrease in the concentration of H+ ions in the system 

and hence only a very slight increase in its pH value 

hvdll'Lr'^'f™ """ ^ to remove hvdrogen or 

oJ buffLin?^ ^ as a buffer system. Other types 

in Hvint n" ' of much less importance 

been coLidereT*"' " mechanism which has just 
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2 a 1 mohr solution, how would you prepare 125 cc. of a 0.75 molar 

solution C*iven a 0.5 molar solution, how would you prepare 50 cc. of a 0 225 
molar solution ? 

3. What is tho molal concentration of a 20 per cent sucrose solution? 

* Tnnn sucrosc is prejiared l)y adding 342.2 g. of sucro.se 

o ]()0n g. of uatcr. tho volume of the resulting solution is 1207 cc. at 0“(’. 
Wliat IS its molar concentration? 

5. How much water must I.e added to the 1207 cc. of molal solution (question 
4) in order to convert it into a 0.5 molal solution? 

6. If 15 cc. of KOII solution requires 17.5 cc. of 1 N IICI solution to neutral- 
ize It, what IS the normality of the KOII solution'’ 

electrol\ te from which two ions form is 75 per cent dissociated, what 

will be the per cent of di.s<olved particles tions jiliis molecules) in the solution 

rf a i\e to t le nunihcr of jiarticles which would he pre.sent if no dissociation 

occurred. Answer the same question for an (dectrolvte from which three ions 
rorm. 

8. If the pll of a molar solution of hydroriiloric acid is 0.1 and the pH of a 

^ nicotic acid is 2.3/, what is th(' total acidity of each of these 

solutions? 

i h greater is the concentration of Inalrogen ions in a solution of 

pH 4 han one of pll 7? One of pH .3 than one of pH 

■ , . increase in the CO^ c/intent of water result in an increase in 

Its n\firogcn ion concentration*^ 

liwlr arlflition of a base to water decrease the concentration of 

n\(ir('gen ions present? 
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P^^"* physiologist lead ulti- 

nhv< 5 Jn of one phase or another of the structure and 

ultSIS fT'"? colloidal systems. When reduced to their 

ocZ t physiological processes are found either to 

occur m a colloidal matrix or to be strongly influenced by the colloidal 

organization of the cells in which they take place. The world of living 

g isms nas in fact, been molded largely on a colloidal pattern It is 

quite impossible, therefore, to obtain any adequate comprehension of 

gaZir^LT;"”"* “ - 

oftl^nt,”^ most important components of the material environment 

Few streams or bodies of water are entirelyirle CrmlTter^in^th 
loidal condition Clnnr^c ^ ^ ^ matter in the col- 

the colloidal state. ' ^ represent matter in 

wat"'™e -P » 

have been separated from each other and crystals 

forming a solution. Solutions are svstems i^whiYh 

one substance are dispersed in bpt«ro ^hich molecules or ions of 

If, instead of sugar we l ^"°ther substance. 

different sort of a system results^The silt into water, a 

liquid. Such a system i^talied 1 

are large enough to be seen readilv nn^. Particles in a suspension 

systems, because the particles slowly settle out and the two 
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original components become separated within a relatively short period 
of time. 

Similar systems can be prepared by vigorously shaking together two 
immiscible liquids such as oil and water. Such systems are called emul^ 
sions. Emulsions are not stable unless there is also present in the system 
a third component called an emulsifier. 

Still another type of system consisting of particles dispersed through 

water can be prepared. If a trace of sulfur be dissolved in a small volume 

of alcohol which is then poured into a somewhat larger volume of water, 

a cloudy opalescent liquid will result which is composed of sulfur par- 

ticles dispersed through water. This type of system is intermediate in its 

properties between solutions and suspensions. The dispersed particles are 

not molecules, but, as in suspensions, aggregates of molecules. Unlike 

suspensions, however, such systems are relatively stable, as the particles 

will remain dispersed throughout the liquid indefinitely. The sulfur-in- r 

water system which has just been described is a simple example of a col- 
loidal system. 

Colloidal systems, as the preceding discussion has indicated, are two- 
phased systems. Unlike solutions, however, the particles of the dispersed 
phase are not in the molecular or ionic condition, but — with certain ex- 
ceptions to be noted shortly — are molecular aggregates. One colloidal / 
particle is often composed of hundreds or even thousands of molecules, 
lumped together. The molecular aggregates must not be so large, how- 
ever, that the particles settle out of the system, as stability is one of th^ 
essential attributes of colloidal systems. In general, if the dispersed par*- 
tides fall within the range of 0.001-0.1 jjl in diameter, the system is coi^- 
sidered a colloidal system; if larger than this, a suspension or an emulsioid; 
and if smaller, a solution. The individual molecules of some substances 
(certain dyes, some proteins) are so large as to bring them within the 
colloidal range of dimensions. Hence molecular dispersions of such sub- 
stances are simultaneously both solutions and colloidal systems. The 
limits generally accepted for the range of sizes of colloidal particles have 
been somewhat arbitrarily set and actually there is no sharp boundary 
between colloidal systems and suspensions on the one hand, or between 
colloidal systems and solutions on the other. There is a. perfect gradation 
in properties from one type of system to the next. The properties of sus- 
pensions or emulsions in which the suspended particles are of small di- 
mensions approach those of colloidal systems, while the smaller the dis- 

persed particles in a colloidal system the more closely it approaches a 
solution in its properties. 

Particles of suspensions and emulsions can ordinarily be seen under ^ 

nucroscope, but those of colloidal systems cannot. Colloidal particles 
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can be detected, however, under the electron inicroticope (Chap. IV) or 
under the ultramicroscope (see later). 

Interfaciai Area of Colloidal Systems. — The most important properties 
of colloidal systems are a consequence of the small size of their dispersed 
particles. As the size of the particles becomes smaller their aggregate 
surface area becomes greater (Table 5). 


PAPI.E 5 EFFECT OF PROGRESSIVE SUBDIVISION UPON THE SURFACE EXPOSED BV A GIVEN 

MASS OF MATERIAL 



As shown in Table 5, the exposed surface of 1 cc. of solid matter, if cut 
up into cubes 0.001 ^ on an edge (the approximate size of the smallest 
colloidal particles), will be 6000 square meters. This represents an in- 
crease of 10,000,000 times over the exposed surface area of a cube 1 cm 
on an edge. The contact surfaces between a solid and a liquid or between 
two immiscible liquids are known as interfaces. This term also applies 

between colloidal particles and the liquid in 
which they are dispersed. The interfaciai area of colloidal systems is enor- 

f ™ass of material which is dispersed. 

Some of the most important properties of colloidal systems are a conse- 
quence of their enormous interfaciai area. 

no^taned^a^o" characteristically the seat of the phenome- 

^trate . f ^“’^^ion. Upon filtering the 

carbolw f molecules were retained, i.e., adsorbed, at the 

Kii ^ f ^ ^ces, because the attractive forces between the methyl- 

mo ecu es and the carbon molecules are greater than those be- 
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tween the methylene blue molecules and the water molecules. The attrac- 
tion between the alcohol molecules and the methylene blue molecules, 
however, is greater than that between the carbon and methylene blue 
molecules; hence the adsorbed molecules are released when ethanol re- 
places water as the liquid component of the interface. 

Adsorption consists of an intcrfacial concentrating of molecules such 
as occurs to those of methylene blue at a carbon-water interface and is 


a phenomenon of very general occurrence, taking place at all kinds of in- 
terfaces. Adsorption of gas molecules at solid-gas interfaces is a common 
phenomenon. Solutes may be adsorbed at solid-liquid, liquid-liquid, or 
li(iuid-gas interfaces. Solvent molecules, such as those of water, also be- 
come adsorbed at certain kinds of interfaces. Adsorption is probably of 
universal occurrence at the interfaces of colloidal systems. In some such 
systc'ms solute molecules are adsorbed, in otliers solvent molecules, and in 
some both sohite and solvent molecules. 

Molecules of the adsorbing surface usually attract certain atomic group- 
ings in the adsorbed molecules more strongly than others, a fact which 
lesults in a more or less regular arrangement of adsorbed molecules at in- 
terfacial boundaries. C.'ommonly tliis orientation of adsorbed molecules 
H'suits in their closer packing and is an impoitant factor in accounting 
for their higher concentration in the interface than in the surrounding 
mcflium. Adsorbed molecules arc not static but exliibit a continuous, al- 
though reduced, kinetic activity. Molecules adsorbed at interfaces are in 
dynamic equilibrium with the molecules of the same species in the body 
of the system. An adsorption equilibrium is attained when the number of 
adsorbed molecules passing out of the interface, in a unit of time, is e(iual 
to the number passing into the interface. When adsorption occurs from 
a liquid containing many solutes, as is true of most biological liquids, 
all solutes arc adsorbcrl to a greater or lesser degree depending upon their 
specific proi)erties in relation to the adsorbing surface. In general, how- 
ever, under such conditions no one solute will be adsorbed as completely 
as if it alone were present. 

It IS possible, under certain conditions, for equilibria to be established 
in w ich one or more components of a system arc less concentrated at an 
inter ace than in the surrounding medium. Such equilibria are recognized 
as examples of negative adsorption. Negative adsorption is a much less 
common phenomenon than positive adsorption. 

The Biological Significance of Adsorption. — Adsorption phenomena are 

nown to play a manifold role in living organisms, probably being in- 
volved in practically all cell activities. Within plant cells many inter- 
faces occur, as at the boundaries between the protoplasm and cell wall, 
an c nuc eus and cytoplasm, at all of wdiich a concentrating of solutes 
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O' oo«ai" compound, at the cyto- 
plasmic mlcr aces Is generally helicved to exert a marked influence- on 

the permeability of the cytoplasm. Imbihilional phenomena of li-i.ic 

™™ter7chai‘’'vm "" “'>»nit'iou 

(Chap. \II). The action of enzymes (Chap XVTl as well ns 

Much T gf-nerally believed to involve adsorption ,.henomena 

Much in formation regarding the structure of cells has been ga ned W e 

US of dj,, eehich are differentially adsorbed by various constitue ts of 

rdL“~“;.'” ^"»".,e they strongly 

trom'th?rrel°'“''r''' Sy^-C-The aord colloid is derived 

rrlhn ^ ® (appearance) Thomas 

did hi^’ ^ investigator of colloidal phenomena who 

seemed to be ^t /r ‘lesignate a certain group of substances that 

« “ly 7Md1;'rdTss5‘“L7fl;7h77 ™ '“"-""ci- 

:rcX7;:o“x‘7ef?,:t?e^:s 

be applied with accuracy to any one cL*^^ s«a<e of matter and cannot 

any substance can, by proper maninula/r h Theoretically 

state, and actually this has h^nn * ^ ^ brought into the colloidal 

number of substances ^-Penmentally accomplished for a large 

phases— a continrous^pha^sl^'and'^r (bteZr composed of two 

the intervening contimZ ’ dite T '>y 

called the dispersion medium, an.l the disZnUnr^ 

the dispersion nldium s a , "i 7 eaZ’ T T ^^^y -hen 

called a micelle, while tL cSoulZ" ’Zu ‘ - 

intermicellar liquid. *he system is called the 

a colloidal system wldcVposZsZtheZ sof and gel. A sol is 

can be poured more or less readilv f P^°r*^^ty of fluidity. Such systems 

unaided eye they often appear to be tZ ""f another. To the 

means of an ultramicroscone my i solutions, but examination by 

Many sols ‘'set ” foniZ ^ ^ "‘^tnre. 

g solid, but more or less clastic S3ystems, gen- 



2S 


COLLOIDAL SYSTEMS 


orally called gels. Gelatin desserts, custards, and ordinary household 
jellies are familiar examples of gels. The change of a sol to gel is called 
gelation. The reverse change, as for example when gelatin is “melted” by 
the application of heat, is called solation. Some authorities use the term 
“gel” in a generic sense to include systems of the type just described, 
which they call jellies, and another type of colloidal system which they 
term coagida. The white of a hard-boiled egg is tyj^ical coagulum. 

Sols may be classified into lyophobic and lyophilic types. In the latter 
an appreciable affinity exists between the particles of the disperse phase 
and the dispersion medium: in the former no such affinity is present. 
When the dispersion medium is water the corresponding terms hydro- 
phobic (Gr. : “water-fearing”) and hydrophilic (Gr. : “water-loving”) are 
employed. This last pair of terms will be used consistently in the follow- 
ing discussion, since from the biological standj^oint colloidal systems in 
which water is the dispersion medium are by far the most important. The 
affinity between the two phases of a hydrophilic sol manifests itself by 

hydration of the micelles. Hvdration is the association of one or more 

% 

molecules of water with an ion. molecule, or micelle. 

Most colloidal systems composed of metallic substances dispersed in 
water are examples of hvflrophobic sols. Gelatin, agar, starch, and gum 
acacia sols arc familiar examples of hydrophilic systems. Protein sols 
also belong in this group. Actually all possible gradations exist from 
highly hydrophilic sols to highly hydrophobic sols. 

Suspensions. — The general nature of suspensions has already been in- 
dicated. Suspensions are not generally regarded as playing a very signif- 
icant role in living organisms. The particles of suspension size which 
frequently can be observed in the protoplasm are apparently composed 
entirely of relatively inert materials. Particles of suspension size are very 
common in soils, and as such are an important part of the environment 
of the roots of plants. A consideration of suspensions is also of impor- 
tance in developing the conception of the structural and dynamic aspects 
of colloidal systems proper. 

Emulsions. Emulsions are systems in which one liquid is dispersed 
throughout another with which it is virtually immiscible, the particles 
of the dispersed liquid exceeding about ^.1 g. in diameter. While other 
types of emulsions are theoretically possible all such systems encountered 
in common experience fall naturally into two groups generally known as 
oil-in~water emulsions and water-in-oil emulsions. In the former type 
an oil or some other liquid insoluble in water, or practically so, is dis- 
persed throughout a water dispersion medium. In the latter type the con- 
verse is true; the oil or other liquid immiscible with water constitutes 
the dispersion medium, while small aggregations of water molecules are 
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dispersed through it. The proportions of the components of most emul- 
sions can be varied between wide limits. Emulsions are not generally con- 
sidered to be true colloidal systems, but, like suspensions, approach them 
in properties. Emulsions occur commonly in the cells of plants and ani- 
ma Is and are generally believed to be essential components of protoplasm 

fens bu ^T H I «^l-\-'vater emulsions are known to exist in living 
cells, but the latter type is more common. When examined under high 

prSsfhr P>-otoplasm in its grosser aspects often 

presents the appearance of an emulsion of fats and fat-like substances 
dispersed through the body of the protoplasm. 

arernutmlM 7'"'' "" emulsifier. In the absence of 

oil hTn of an emulsion rapidly separate the 

group of 3ub,i.„c» classified as emulsiiierf fs S™ alfy a crvTctc™ 

^ suspensions of certain rather inert 

matemls such as sulfur, carbon, silica, and resin. Emulsions found in liv 
g organisms are usually stabilized by proteins. 

be.wl7lXh1li?frd'’hvd' differences 

.be dispers^;;tfic,cs1n bydra.ion 

the former type. There is no general 
agreement regarding the exact physi- 
cochemical relationship between the 
micelle and its water of hydration; 
but only two conceptions have any 
wide currency. One of these relates 
IS hydration to an actual solution of 

some of the water in the substance of 
the micelles (Fig. 2A). 

A more probable theory, however, 
holds that no actual solution of the 
medium m the micelles occurs, but 
that water molecules are oriented 
around each dispersed particle form- 
ing a shell” many layers of molecules 

ILt 

sorbed”) to the^micdJrthl^ir^ attached (“ad- 

successively enveloping layers of wa^^"^ f integral part of it. The 

g layers of water molecules are also oriented, but 




A B 

Fig. 2 . Diagrammatic representa- 
tion of possible relationships be- 
Wn a micelle and its water of 
hydration: (,4) solution of water in 
the micelle. The proportion of dis- 
solved water present is represented 
as decreasing towar.l the center of 
the micelle. (B) Orientation of the 
water molecules as a “shell” around 

the micelle. 
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^^ilh iiicrcasinp; <lii<tance from the periphery of the micelle the forces of 
attraction and orientation prop;ressiA'ely decrease. In this zone there is a 
gradual transition from water moh'cnies wtiich are practically all oriented 
to those which are compietely nnoriented. t)riented molecules fit together 
more closely than unoriented molecule.-. I'hey are more closely, 

just as more bricks can l)e stacked in a gi\'en space if arranged regularly 
than if tossed in indiscriminately. As a result of this tracking the water in 
these oriented shells has a greater density than that in the bulk of the 
liquid; in other words, there is an actual contraction in the volume of the 
li(iuid associated with the micell(\'^. 

Th(' fact that micelles may, under cert.ain conditions, lose their water 
of hyrlration very lapidly would schmu to fa\'or the latter theory. It is 
])ossi[)le, of couj'se, that in sonu' hydrophilic systems the water is actu- 
ally dissolved in the mic(‘lles, that in others it is present only as a shell 
of oriented molecules, whlh' in still others both of these two suggested 

motlcs of hvdration mav exist. 

^ * 

I he important properties of sols will now be summarized, with spc'cial 
attention to differences between the properties of sols of the hydroj)hilic 
type and sols of the hydrophobic type. 

Filterability. — Sols jiass through ordinary filter papers without any ap- 
preciable separation of the disperse phase from the dispersion medium by 
tlu; filter. Since the pores in ordinary filter papers are about 2-5 in 
diameter, and even porcelain filtcTS, such as thos(‘ widely used in bac- 
teriological work, have pores 0.2-0. 6 \i in diameter, it is easy to under- 
stand wliy micelles with diameters in the size range 0.001-0.1 pass 
t hrough. 

Special filters lia\'e been devist'd, however, with pores of such a small 
diameter that the disperse phase can be separated from the dispersion 
mcflium by filtering a sol through them. S\ich filters are known as ultra- 
filter.-^. The process of filtering through such a filter is known as 7d/ra- 
filtratiou. 1 he most commonly use(l types of ultrafilters arc those made 
of collodion or gelatin. Fhe size of the pores in such filters can be con- 
trolled by the length of time allowed for drying and in other ways. It is 
possible to prepan; ultrafilters with pores of such dimensions that solutes 
can pass through them, but colloidal micelles cannot. 

Tyndall Phenomenon. Suppose that a clean glass vessel, preferably one 
with flat, imrallel sides, be filled with pure water and held so that a 
strong pencil of light i)asses laterally through the vessel. If an observation 
be made laterally and at right angles to the path of the beam of light, no 
distinctive trace of its path through the water can be detected. Such a 
liquid IS said to he optically emi>ty. The same will he true if the water 
in the vessel he replaced by a sugar or salt solution, or in fact, hv any 
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t'-uc solution.* Suppose, however, that the vessel be filled with a hydro- 
phobic sol and observed in the manner just described. The results are 
strikingly different. The path of the light will be clearly delineated as a 
cloudy, often opalescent, track through the sol. Even a colloidal system 
which seems perfectly transparent to the unaided eye will usually show 
some turbidity when submitted to this test. The intensity of this effect 
varies greatly with the specific colloidal sj'stem, and with the concentra- 
tion of the disperse phase, but it is universally shown by hydrophobic 
sols. 

The phenomenon just described is called the Tyndall 'phenomenon and 
results from the scattering or diffraction of light. The difference in the 
index of refraction between the two phases of the colloidal system is also 
a factor determining the intensity of the Tyndall effect. The greater this 
difference, the stronger the effect. Since in the diffraction of light, the 
short wave lengths (blue end of the spectrum) are bent more than the 
longer wave lengths, a partial separation of the spectrum results. For 
this reason a sol with a colorless disperse phase often appears to be pale 
blue when viewed in the path of a strong beam of light. 

Similar Tyndall phenomena are exhibited by hydrophilic sols, but 

usually the effect is less striking when sols of this type are viewed in the 

liath of a beam of light than the effect observed when hydrophobic sols 
are employed. 

The instrument known as the ultramicroscope is based on the principle 
of the Tyndall phenomenon. The limit of the resohung power of ordinary- 
microscope is about 0.1 n. The ultramicroscope can be used for detecting 
the presence of particles in the size range 0.001 ji to 0.1 (a, i.e., in the 
colloidal range. It is not iiossible to observe colloidal particles directly 
m the ultramicroscope; only the light diffracted from their surfaces can 

e seen. Neither can any definite image of particles in this small range 
of sizes be obtained. The ultramicroscope is a microscope which is so 
arranged that the colloidal system or other material to be examined ean 
lie illuimnated laterally (i.e., at right angles to the tube of the micro- 
scope) This lateral illumination is usually provided by a powerful source 
of I'ght and a suitable series of condensing and focusing lenses, so ar- 
langed that the light is focused to a point within the mount. Under the 
ultramicroscopc the dispersed particles of a hydrophobic sol appear as 
bright spots of light varying in size and brilliancy. Very little concerning 

I ^ shape of the micelles can be determined since each 

bright spot represents merely the light diffracted by a single particle. It 

•solutinn^'^K ^ liKht track will usually be perceived even in water or true 

nare a u^ presence of contaminating dust particles. In order to pre- 

dust particTes^ ^ empty hquid, provision must be made for the removal of such 
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is possible, however, to determine the number of particles in a given vol- 
ume of sol by means of the ultramicroscope. The use of the ultra- 
microscope consists essentially in an observation of the Tyndall phe- 
nomenon in a small volume of a sol under the microscope. 

Brownian Movement. In 1828, the botanist Robert Brown observed 
through a microscope that iiollen grains which were suspended in water 
showed a rapid oscillatory motion. Brown at first was inclined to attribute 
this motion to the fact that the pollen grains were alive, but examination 
of preparations of dead pollen grains and spores showed that they like- 
wise exhibited such a motion. It became evirlent therefore that this move- 
ment w^as in no way connected with living processes. We now know' that 
any particle up to about 4 or 5 [jl in diameter wdll exhibit this movement 

W'hen suspenrled in a liquid. This phenomenon is termed Brownian move- 
menty after its discoverer. 

Many suspensions in w'hich the particles are within the range of micro- 
scopic visibility exhibit Browmian movement. It is clearly shown by many 
of the smaller species of bacteria when suspended in w'atcr. In solid-in- 
gas colloids, such as tol)acco smoke, the dispersed particles show a very 
vigorous Browmian movement. Particles in the protoplasm of slime molds 
and certain other species frequently exhibit a Brow’nian movement which 
is clearly discernible under the microscope. For particles of a given mass, 
the smaller their volume the greater the amplitude of their Browmian 
movement. For particles of equal volume, the less their mass the more 
vigorously they will exhibit Browmian movement. In general, this phe- 
nomenon is exhibited more clearly by the micelles of hydrophobic sols 
than by those of hydrophilic sols. The viscosity of the liquid phase is 
also an important factor governing the rapidity with which the dispersed 

particles move. The more viscous the liquid, the more sluggish the move- 
ment of the particles. 

Brownian movement is caused by the kinetic activity of the molecules 
of the solvent. Even the smallest particles in which Brownian movement 
can be observed are very large in proportion to the size of the solvent 
molecules which impinge upon them. A particle suspended in a liquid such 
as water suffers a continual bombardment by the molecules of the liquid. 

If the particle be relatively large, at any given moment it is bombarded 
on every side by numerous molecules, moving in all possible directions 
and at different speeds. The effects of the individual impacts largely 
counteract each other, however, and there is little or no movement of the 
particle. If the particle be smaller, however, the results are quite different. 
At any given moment a much smaller number of water molecules impinge 
upon the particle. The resulting forces cease to be balanced and the sum 
total effect of the blows which the particle sustains on some one side are 
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greater than the effect of the blows sustained on any other side. Hence 
the particle moves. The next moment a greater impetus may be given to 
the particle from some other direction and the course of its movement is 
c anged. In this way the highly erratic movements of suspended particles, 
known as Brownian movement, originate. Increase in temperature in- 
creases the rate of Brownian movement because of an increase in the 
kinetic energy of the solvent molecules. This phenomenon is the nearest 
approach we have to actual visible evidence of the validity of the kinetic 

eory of matter. It almost brings before our eyes the veritable “dance 
of the molecules.” 



Viscosity. The viscosity of a fluid is its resistance to flow The more 
VISCOUS a liquid the less readily it will flow. Glycerine, for example, is 
much more viscous than water. The viscosity of hydrophobic sols never 
varies appreciably from that of the dispersion medium-water. Unlike 
hydrophobic sols the viscosity of hydrophilic 
sols IS usually greater than that of the disper- 
sion medium. The viscosity of hydrophilic sols 
increases appreciably with increase in the con- 
centration of the sol, but the relation is not a 
linear one (Fig. 3) . The rapid increase in the 
viscosity of hydrophilic sols with increasing 
concentration is ascribed to the hydration of the 
micelles. Increasing the concentration of the 
disperse phase results in a decrease in the rela- 
tive amount of free water present because of the 
association of a larger proportion of the water 
with the micelles. This reduces the “fluidity” of 
the sol, hence raises its viscosity. 

The viscosity of all liquids, including sols is 

m temperature probably results in n«rf viscosity vith increase 

the medium itself and in nnrf f j ^ decrease in viscosity of 

micelles, ’ ” ^ the hydration of the 

carry electrical 'Xlrges A^'col'loidar'** “h hydrophobic sols 

tral, because for eve™' chare ar i d e'“‘™.lly neu- 

opposite value is eariSd by ions ?„ he d" ‘ ^ 

is similar to that in a solution f dispersion medium. The situation 
ions are charged for everv n e ectrolyte. Although the individual 

positive charge i; “ r,Te7bvTc.r 

persed particles are neimr colloidal systems the dis- 

P rticles are negatively charged, in others positively charged, but 
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Fig. 3. Relation of rela- 
tive viscosity of hydro- 
philic and hydrophobic 
sols to the concentration 
of the disperse phase. 
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ordinarily all the dispersed particles in any one system bear a charge of 
the same sign. 

Whatever the origin of the micellar charges they invariably are pro- 
duced in such a way as to involve the release of ions into the dispersion 
medium which may therefore be regarded as also being charged. When 
the micelles are negatively charged, the dispersion medium is positively 
charged and vice, versa. Klcctrostatic attraction therefore exists between 
the surface charges of a colloidal particle and the ions of opposite charge 
in the dispersion medium. The result is that surrounfling cacli colloidal 
particle with its charged surface is a “shell” of ions of opposite charge. 

TIds arrangement of charges at the surface of a micelle is called an 
electric double layer. Similar electric double layers exist also at bound- 
aries between solid surfaces and liquids, as for examjile along the walls 
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Diagrammatic representation of the electric charges around 
[A) po.^itively charged, {B) negatively charged. 


micelles: 


of a capillary tube. Figure* 4 represonts the distribution of the electrical 
c arges around two micelles, one jiositively charged, one negatively 
charged. The innermost layer of ions in the dispersion medium is prob- 
ably compactly oriented around the oppositely charged micelle, which is 
in turn surrounded by progressively more diffuse layers. That is while 
most of the ions are clo.se to the charged surface of the micelle, some are 
farther away; although, with increasing distance from the surface of a 
micelle, the number of mns associated with that micelle decreases rapidly. 
The ions of the double layer are in dynamic equilibrium with undis- 

cal ons ofThc 7 M P'-^Phery of the micelle proper. Anions and 

7olcc; 1 7- 77 and forming uncharged 

thfsurf^^^^^^^^ ^0"t>-a>iwise, molecules at 

IniZ iTit 7 T dissociating into cations and 

anions. If the micelle is negatively charged the anions adhere to its 


ELECTRICAL PROPERTIED 


35 


MX 




surface; if positively charged, tl,e cations. Tl.c ions of tl.c oi^positc charge 
become part of the outer shell around the micelle. 

The presence of this electrical double layer results in a dilTerence of 
electrical potential between the micelle and the intcrmicellar liquid. The 

ma^itude of this difference of potential varies with different sols and 
with the same sol under different conditions. 

The usual method of determining the sign of the charge upon the dis- 
persed particles of sols IS to observe the direction of their migration in an 
e lectncal field. If two electrodes are so arranged as to dip into a hydro- 

neis A w 1 "“"m * I’^tential, it will be found that the dTs 

persed particles will move toward one of the poles. By suitable arranee- 

nients, using a microscope or ultramicroscojic (dependintr unon tl.o ' 



its electrical chartre clin<r« n ‘ , ^ ^ "hich determines 

or Ward Ihc cathode if "0:^^ 70^,^ d “ '’'T"' 

dewS h^ ei;tSir “>■ 

■•angc of dimensions frequently can he the colloidal 

Rration. The phenomeno^n can^be H ^ ^ cataphorctic mi- 

algae, and spores. Practically all unicellular 

lively charged. ^uch small living organisms are nega- 

charges either by eSroWtic ''"'s apparently acquire their 

systems the charges seem to arise^eT!'"" °u Z :*^'"°''Ption. In some such 
molecules composing the miceh^ The T""'* ""I mni^ation of some of the 
medium become the outer envelon f +u ^ ^^l^ased into the dispersion 
with a residual a^d comne-a ^ u ^^e micelle 

vidual molecules o? sorsub^^^^^^^^ 

colloidal range of sizes Th ^urge enough to fall within the 

a complex organic apiH * ^ Congo Red, which is the sodium salt of 

game acid, is an example of such a substance. Dispelled in 
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water this compound produces sodium ions and a colloidal anion, the 
latter, of course, being negatively charged. 

In other systems the electrical charge on the dispersed particles is ap- 
parently acquired by adsorption of either the positive or negative ions 
of an electrolyte, the ion of opposite charge becoming the outer shell of 
the double layer. Ferric hydroxide sols^ are normally positively charged. 
The charge on the micelles of these sols is often ascribed to the adsorption 
of Fe+ + + ions of the FeCU from which ferric hydroxide sols are usually 
prepared, the Cl~ ions forming the outer layer around the micelles. 
Similarly the negative charge of the micelles of arsenious sulfide sols is 
often ascribed to the adsorption of HoS which is used in the preparation 
of this sol. Dissociation of HoS results in the release of H+ ions into the 
dispersion medium leaving the dispersed particles with a residual and 
compensating negative charge. 

Similarly it is believed that some substances acquire an electrical charge 
by adsorbing hydrogen or hydroxyl ions — more frequently the latter — 
from their water dispersion medium. Certain inert substances such as 
cellulose, carbon, quartz, and collodion are believed to become charged 
in this way. All of these substances acquire a negative charge when in 
contact with water, indicating that the hydroxyl ions are adsorbed, the 
hydrogen ions becoming the outer shell of the double layer. 

The micelles of some hydrophilic sols are charged; those of others are 
not. As in hydrophobic systems the dispersed particles of different hydro- 
philic sols acquire their charges in different ways. In some the charges 
on the particles originate by ionization of some'^of the surface molecules 
of the micelles. The electrical charges on the micelles of protein sols arise 
in this way. In other systems the charges may originate from traces of 
electrolytes which are present as impurities. This is probably true of 
agar sols. Such charges may be regarded as similar in their origin to those 
acquired by adsorption on the micelles of hydrophobic sols, in that the 
charge is contributed by some compound associated with the substance 
of which the micelle is composed, and not to that substance itself. Most 
of the better known hydrophilic sols arc negatively charged. 

Flocculation. — Since the dispersed particles of any sol are in rapid mo- 
tion it would seem that repeated collisions would result in a progressive 
agglomeration of the particles into larger and larger masses which even- 
tually would settle out of the system. Sols, however, are relatively stable 
systems, and it is important to understand the mechanism by which the 
stability of such colloidal systems is maintained. 

The stability of hydrophobic sols is maintained by the charge which 

■ Most investigators believe that the so-called ferric hydroxide «o| ia actually a sol 
of hydrated ferric oxide {FejOsfHiOs'l 
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each micelle carries. Although by Brownian movement the dispersed 
particles are repeatedly brought close together, actual collision seldom 
occurs because the shells of ions around the micelles are mutually re- 
pellent. 

Reduction of the charge on the micelles of any hydrophobic sol to the 
point where there is no difference of electrical potential across the double 
layer results in agglomeration of the individual particles into flakes of a 
size which rapidly settle out of the surrounding liquid. This phenomenon 
is called flocculation, coagulation or precipitation. The point at which 
there is no difference of electrical potential across the double layer is 
known as the isoelectric point of the sol. At the isoelectric point the 
micelles of a sol are, relative to the surrounding medium, completely un- 
charged. As, by Brownian movement, two such micelles are bought into 
contiguity they no longer repel each other with sufficient intensity to pre- 
vent their agglomeration. By the addition of other micelles such particles 
rapidly increase in size, soon resulting in flocculation of the sol. Merely 
reducing the electric charge to a value approaching that of the isoelectric 
point is sufficient to induce instability and slow flocculation in many sols. 

Flocculation is most commonly initiated by the introduction of electro- 
lytes into the system. Very small quantities of an electrolyte are often 
sufficient to cause the flocculation of a relatively large volume of sol. The 
important principles regarding the flocculation of hydrophobic sols by 
electrolytes can be most easily elucidated by a discussion of some of the 
data in Table 6. 

The flocculating effect of an electrolyte is due primarily to the added 

ion of opposite charge from that borne by the colloidal particle. Thus the 

AS2S3 sol may be flocculated by cations such as Na"*", Ca+"*', or A 1 + + + 

while the Fe(OH)3 sol may be flocculated by anions such as Cl' NO^“' 
or SO 4 ". 

Furthermore, the flocculating effect increases with an increase in the 
valency of the effective ion. The first part of Table 6 shows that the 
tnvalent cation A 1 + + + is more effective in flocculating the negatively 
charged AS2S3 sol than the bivalent cations Ca+ + , Ba++ or Mg+ + , which 
in turn are much more effective than the univalent cations K+', Na+, 
and Li+. Similarly the second part of the table shows that the flocculat- 
ing effect of bivalent anions (SO4 , Cr207 ) upon a positively charged 

Fe(OH)3 sol is greater than that of univalent anions (Cl", NO 3 -). 

However, the influence of the valency of an ion upon its flocculating 

effectiveness does not follow a simple 1 : 2:3 arithmetical ratio. It took, 

as shown in Table 6, about 88 times as much NaCl as CaCla, and about 

7 times as much CaCl2 as AICI 3 to accomplish complete flocculation of 
the AS2S3 sol. 
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TABLE 6 FLOCCULATING EFFECT OF FLECTROLYTES ON HYDROPHOBIC SOLS (dATA OF 

FREUNDLICH, I9O3.) THE CONCENTRATION OF ELECTROLYTES IS THE MINIMUM WHICH 
RESULTS IN COMPLETE FLOCCULATION 


Negntivcly charged arsenious sulfide sol. 
(15.57 mili'inuls .AS2S3 j>er L.) 


Electrolyte 

Concentration 
(millimols per L.) 

LiCl 

81 . c 

NaCl 

71.2 

KCl 

69 . 1 

KNO3 

69.8 

MgClt 

1 .00 

MgS 04 


BaCh 

0. 964 

BaCNOd, 

0.959 

CaClj 

0.905 

AlCl, 

0. 130 

AKNO,), 

o- *37 


Positively charged ferric hydroxide sol. 
(10.3 millimols Fe(OH)3 per L.) 


Electrolyte 

1 

Concentration 
(millimols per 1..) 

NaCI 

9.25 

KCl 

9 03 

KNO, 

II. 9 

K,S 04 

0. 204 

MgS 04 

0.217 

KjCr^O? 

0. 194 

1 

1 


In the flocculation of liydropliobic s^ols tiic ion of the added electrolyte 
\\ ith a charge of the same sign as that of the micelle is not entirely witii- 
out effect. The influence of sucli ions is usually to increase the stability 
of the system. Precisely stated, therefore, the influence of an electrolyte 
upon the micelles of a hydrophobic sol is a differential effect between the 
anions and cations, but the influence of the ion of opposite charge pre- 
dominates. 

Flocculation may also be initiated by introducing into a hydrophobic 
sol another hydrophobic sol with micelles bearing a charge of opposite 
sign. If FefOITla sol be slowly added to an As-jS.-t sol, a point will be 
reached at which complete flocculation will occur. The particles of the 
two sols will settle out as an intimate mixture. The same jihenomenon 
occurs when any negatiyely charged hydrojihobic sol is added to any 
positiyely charged hydrophobic sol in sufficient quantity, or vice verm. 
This process is called mutval flocculation. A\hcn this phenomenon occurs 
the ions of the outer zone of one kind of particle pair off with the op- 
positely charged ions of the outer shell of the other kind. 

The actual mechanism of flocculation of a hydrophobic sol is too 
complex to be considered in detail in an introductory discussion. The 
fundamental cause of flocculation, however, is invariably the destruction 
of the electrical double layer around the micelles. There is a close anal- 
ogy between the flocculation of a hydrophobic sol and a ]>recipitation 
reaction of one electrolyte with another. The micelles of hydrophobic 
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sols behave in flocculation phenomena like giant ions bearing numerous 
charges. 

« 

The addition of a small amount of a hydrophilic sol, such as a gelatin 
or gum arable sol, to a hydrophobic sol makes flocculation of the latter 
)y electrolytes or micelles of opposite charge difficult or impossible. This 
effect of a hydrophilic on a hydrophobic sol is termed protective action. 

rotective action is apparently a result of the adsorption of the micelles 
of the hydrophilic sol around the micelles of the hydrophobic sol. The 
properties of the sol, therefore, become essentially those of the hydro- 

L.! lv hydrophilic sols are much less 

rubtedwTh K hy electrolytes than hydrophobic sols, and this is un- 
doubtedly the basis for protective action. 

AVe turn now to the question of the mechanism of the flocculation of 
hydrophU^c sols. The micelles of such sols may or may not cariT an 

miPPll’p ^^^^^Phobic sols, as already shown, are stable only when the 

seen that uncharged micelL orWdronh 'h- discussion we have 

settle out of the disoersion mpH' ^ avi^” ® agglomerate and 

Ot a hydrophilia boI behave in the same waveTb “’""’'‘'"f <1 
philic sols, it will be rememborpH i • uf ' uucclles of all hydro- 

“cushioned” against impacts with’ oThe hydrated. Each particle is 

l:ra^ Te- “ - 

flocculation of hydrophilic sols may occur can be 

a simple experiment 'TUn • ^ ^^iustrated by review- 

0.1 per cem, 30 “,.™:;“. a' 

example of a simple hydropliilic system It 1* 'aps tire most typical 
alcohol be added to a small nortion of ’’‘''^tivcly large volume of 

water of hydration, and the sol acouiresVl “deciles lose their 

appearance typical of many Ivophobic sols T f ^hdsh, opalescent 
sol and shows all the typical iironertip^ ^ lyophobic 

" hich is a powerful dehydratinc avent L ° systems. The alcohol, 

shells of oriented water molecuL ^wl ? 

since the micelles retain their original *he sol is still stable, 

of a solution of an electrolvfp . ^^t a 

The sol now flocculates almost Lmpd^^T ^ ‘^he sol. 

almost immediately, since the only remaining 
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stability factor — the electrical charge — has been destroyed by the addi- 
tion of the electrolyte, and the opalescent cast of the sol disappears. 

The stability factors of a hydrophilic sol can also be dissipated in the 
opposite order. Suppose that the AICI3 solution first be added to the 
agar sol until the charges on the micelles are neutralized. Although now 
at its isoelectric point, unlike hydrophobic systems, the sol does not 
flocculate. If, however, alcohol now be added to the system, immediate 
flocculation occurs, because of a dehydration of the micelles, resulting 
in an elimination of the only remaining stability factor in the system. 

Briefly tlien, in order to floccula+e a hydrophilic sol, its micelles must 



Fig. 5. Diagrammatic representation of the flocculation of a n. Mo of a hydro- 
philic sol. 

be both dehydrated and electrically discharged, except in the occasional 
systems in which micelles are uncharged, in which dehydration alone will 
suffice. Dehydration alone of a hydrophilic sol with charged micelles re- 
sults in its conversion into a lyophobic sol. 

The interrelationships among the factors involved in the stability and 
flocculation of hydrophilic sols are shown in Fig. 5 which is self-explan- 
atory. 

The addition of relatively large quantities of certain electrolytes to 
hydrophilic sols will result in their flocculation without any previous re- 
moval of the water of hydration of the micelles by means of alcohol or 
any other dehydrating agent. Only very soluble salts are effective in this 
way. It is evident that this phenomenon, usually called **salting out” 
involves a more complicated reaction than that taking place in simple 
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flocculation and must be distinguished from the latter phenomenon. Three 
salts which are especially suitable for salting out hydrophilic sols arc 
(NH4)2S04, MgS04, and Na2S04. In these three salts the ions, especially 
the anions, acquire relatively large quantities of water of hydration. The 
result of the addition of a very strong solution of such a salt to a hydro- 
philic sol is a twofold one. A small initial amount of the added electro- 
lyte discharges the micelles. Addition of further increments of an electro- 
lyte eventually brings about dehydration of the micelles because of the 
great attraction of the added ions for water, and the resultant separation 
of the dispersed phase out of the system. Salting out, therefore, results 
in the destruction of both of the stability factors of the system. 

Amphoteric Properties of Protein Sols. — Protein sols differ from most 


others in that the micelles are amphoteric, z.e., they may act either as an 
acid or as a base. The acid properties of proteins depend upon their 
— COOH groups; their basic properties upon their — NH2 groups (Chap. 

A\ hether the proteins will combine with acids or bases depends 
principally upon the pH of the dispersion medium. In a gelatin sol, for 
example, in which the pH of the medium is above the isoelectric point*^ 
the —COOH groups of the molecules react with a base such as sodium 
hydroxide, forming “sodium gelatinate.” This compound then dissociates 
into sodium ions and negatively charged gelatin micelles. If the pH of 
the medium is below the isoelectric point the — NHo groups of the gelatin 
molecules may combine with the molecules of an acid such as HCl fovm- 

^ 1 * compound produces 

Chloride ions and positively charged gelatin micelles. 

Like the micelles of other sols, those of proteins are uncharged with 
respect to the medium at the isoelectric point. Therefore no migration 
o the micelles occurs if an electric current is passed through a protein 
sol at Its isoe ectric point. At pH values higher than the isoelectric point 

fsopWi below the 

isoelectnc point they migrate toward the cathode 

The principles governing the stability and flocculation of a protein sol 
e similai to those which hold for other hydrophilic sols with the one 
urthcr complication that protein micelles may be either positively or 

cause 'atthof iso^lectrie point be- 

ltd es nf " the isoelectric point the 

trica cht ^ ® additional stability factor of an elec- 

such a, sufficient quantity of a dehydrating agent 

does w'ti ^ gelatin sol at its isoelectric point will result, as it 

^ 1 I an unc arged agar sol, in immediate flocculation. If the mi- 

•The pH value of the isoelectric point of gelatin is about 4.7. 
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celles are charged, however, addition of alcohol will result, not in floc- 

of a 3' H T “ ly’Pl'oWo sol- Addition 

ot a s, .table electrolyte to this sol will result in a discharge of the particles 

and the, r consequent flocculation. These relations are shown digram- 

matioalK for a protein in Fig. 6. 
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Diagrammatic repro..<-ntation of the flocculation of a micelle of a protein 

sol. 


Gels.-Unfler certain conditions most hydrophilic sols 

Win Jet’ u'nof t 

ge atm gels, as they appear on the table often as desserts. Other familiar 
gels are the agar gels widely used as a medium for the culturing of 
actena, fungi, and algae, ordinary household “jellies” which are basi- 
ca y pec m gels, and starch gels. The latter also sometimes comes before 
our eyes by the dessert route, under the name of com starch puddings 

borne hydrophilic sols, however, do not ordinarily form gels. This is tme 
oi sols of gum acacia and of some protein sols. 

eeSfn substances is very remarkable. A 

hundred of water will usually gelate. Agar gels conUining^otrO 15 per 
cent of agar can be prepared. In such a gel one riArf nf u fu 

bince gels form from two-phase collnirlal ^ 

sumed that they also arc t.-„- ,h“c 7.? aM “tif ‘tV’ 
i» Which cue co^poucut is .o„. thX^dTce^Iin^cr 


PROPERTIES OF GELS 


43 


usually rigid enough to maintain their shape w\ !rr tlie stress of their 
own weight. This means that they will be nudded to the shape of the 
vessel in which the gelation has occurred and will retain the shape of 
that vessel after being removed from it. 

Two general iy\tes of gels are usually recognized: the elastic type, and 
the nonelastic type. The best-known example of the latter is the silica 
gel. Elastic gels are the important type biologically. Gelatin-water and 
agar-water gels are probably the best-known examples of this type of 
colloidal system. AA hen such a gel dries a gradual and consistent shrink- 
age in its volume ensues until desiccation is complete. After desiccation 
the dr>^ matter of the gel will imbibe water (Chap. VII), but no other 
liquid. Gels in which the liquid phase was other than water will imbibe, 
after desiccation, only the liquid originally present. 

Elastic gels are generally heat reversible. AA'hen heated such gels are 
converted into sols (solution) , and when cooled such sols resume their 
gel condition (gelation). Usually this reversal of state can occur a num- 
l)er of times to a colloidal system without greatly affecting its physical 
properties when in either the sol or gel condition. The temperatures at 
which the solution and gelation of a given colloidal system occur are not 
identical. The processes differ in this respect from the melting and freez- 
ing of a solid. For example, a 4 per cent gelatin sol gelates at about 28°C., 
but the resulting gel must be raised to about 31 °C. before solution will 
occur. For agar gels the temperature spread between gelation and solu- 
tion is much greater. The former process occurs at approximately 30°C, ; 
the latter at about 70"C. for a 2 per cent gel. The viscosity of a heat 
reversible sol increases steadily with a decrease in temperature and shows 
no sudden change as the sol passes into the gel condition. 

Solutes diffuse through gels almost as rapidly as through pure water 

unless the gels are very concentrated. The diffusion of a solute through 

a gel is easily demonstrated by a simple experiment. A gelatin sol is 

allowed to solidify m a test tube which is then inverted in a shallow dish 

containing a solution of a dye such as methylene blue. AVithin 24 hr. 

diffusion of the dye into the gelatin gel can be detected. Because of the 

tact that there are no convection currents in a gel to complicate the 

results, this is perhaps the best visual method of demonstrating the dif- 
fusion of solutes. 

Two equal quantities of an electrolyte, one dispersed in water, the 
o lei in a gel of equal volume, will conduct an electric current almost 
equa y well. In other w'ords ionic mobility is apparently as great when 

^ when they are dispersed in pure water, 

e velocities of chemical reactions occurring in a gel medium are not 
apprecial)ly different from the velocities of the same reactions occurring 
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under the same conditions of solute concentration and temperature in a 
water medium. Neither of the last two general statements are strictly 
true for very concentrated gels. 

The above three proj^erties of gels distinguish them clearly from the 
solid or amorphous states of matter. These properties must be reconciled 
with any acceptable theories of the structure of gels. 

The Structure of Gels. — Numerous theories of the structure of gels have 
been advanced, and there are probably elements of truth in most of them 
since it seems improbable that the molecular structure of all gels is the 
same. The structure of gels is too fine to be resolved by the microscope, 
hence most evidence of the structure of gels is indirect. 

At the present time the most generally favored hypothesis of gel struc- 
ture is that both the solid and liquid phases of a gel are continuous. The 
solid phase is most usually visualized as a meshwork of long, tangled 
fibrillac of submicroscopic dimensions; tlu^ spaces within this interwoven 
mesh being occupied by the fluirl ])hase. This theory is often called the 
brushpile ' theory in allusion to the supi^osetl jumble of intermeshing 
tlireads of the solid phase. Tliis theory appears to be most acceptable in 
the light of the known facts regarding the very slight effect of gels upon 
fliffusion, conductivity, and the velocity of chemical reactions. Support- 
ing evidence for this view has also been obtained by examination of gels 
under the electron microscope (Chap. IV). 

Since elastic gels can be readily transformed into hydrophilic sols, and 
hydrophilic sols into gels, it seems j^robable that many hydrophilic sols 
also possess a fibrillar structure. Such a structure is also postulated by 
many authorities for protoplasm, as later discussion will show. 

Hysteresis. — The statement is sometimes encountered that gels possess 
the faculty of “memory.” This statement is not, of course, to be accepted 
literally. It is merely a way of saying that the previous treatments to 
which a gel has been subjected have an influence, often marked, upon its 
behavior, so that in an allegorical sense the gel may be said to “remember” 
those treatments. This phenomenon of the influence of the i)revious treat- 
ment of a gel upon its behavior is known as hysteresis.-* It is well illus- 
trated by the following experiment of Oortner and Hoffman (1927). Three 
gelatin gels were prepared containing respectively 10, 20, and 40 g. of 
gelatin per 100 ml. of water. Strij^s of these gels of c(jual rectilinear 
dimensions and thickness were then dried in a current of w'arm air until 
all of them were reduced to a moisture content of about 3.5 per cent. In 
other words, the three gels were all brought into what W'ould superficially 
seem to be identical physical condition.s. The dried sections w-ere then 

This use of the term hystere.sis should not be confused wdth its common use in 
another sen.«e in physics and enKineeiing. 
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placed in distilled water and allowed to imbibe «ater, weighings being 
made from time to time. The results are shown in Fig. 7. 

In spite of the fact that all three of these gels possessed the same waler 
content when immersed in water their swelling behavior was quite dif- 
ferent, depending in each sample on the previous history of the gel. The 
gel which was originally prepared in the proportion of 10 parts of gelatin 
to 100 of water swelled the most, followed in order by the one originally 


prepared in a proportion of 20 parts of gelatin 
to 100 of water, and finally by the gel origi- 
nally prepared in a proportion of 40 parts of 
gelatin to 100 parts of water. 

The example cited is just one of the many 
hysteresis effects which have been recognized 
in gels. All sorts of factors — mechanical, ther- 
mal, electrical, and even the factor of time — 
may induce such effects in gels. It follows that 
in experimental work wdth gels, if results are 
to be comparable, all the gels used in a given 
experiment or set of experiments must have 
had identical previous histories. 

Thixotropy. — If a trace of sodium chloride is 
added to a test tube full of 10 per cent ben- 
tonite (a colloidal clay) and shaken vigor- 
ously, a colloidal sol will result w^hich will set 



HOURS 

Fig. 7. Curves illustrat- 
ing hysteresis in gelatin 
gels. Data of Gortner and 
Hoffman (1927). 


to a gel after standing a few minutes. By shaking, this gel can be con- 
verted to a sol which will again set upon brief standing. The process may 
be repeated an indefinite number of times. This phenomenon is called 
thixotropy: Protoplasm also exhibits thixotropic reactions. Stirring of the 
protoplasm or subjection of a cell to pressure can be shown to greatly 
reduce its viscosity and probably induces gel-to-sol changes. Thixotropic 
phenomena may therefore play important roles in cellular physiology. 
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DISCUSSION QUESTIONS 

1. What are the three most outstanding characteristics of colloidal sv.stems in 
which water is the dispersion medium? 

2. How can you find out whether a given organic dye forms a solution or a 
sol when disperserl in water? 

3. The charges on each colloidal micelle are assumed to be balanced by elec- 
trostatically equal charges in the dispersion medium. If this is true how can the 
micelles exhibit cataphoresis? 

4. Given an unknown colloidal sol, how would you determine whether it was 

hydrophilic or hydrophobic? Whether its micelles were positively or negatively 
charged? ‘ ^ 

5 List some colloiflal systems found in plant cells. List some colloidal systems 
m the environment which may have important effects on plants. 

6. hy do gels not form from hydrophobic sols? 

7. The juice expres.scf! from plant tissues usually consists of a mixture of sub- 
stances in the colloidal state and in true solution. How would you demonstrate 
this to be true by experimental means? 

8. Why do the floating particles of dust in the air which aie clearly visible 

when a beam of light passes through a darkened room become invisible when 
the room is well lighted? 

9. What would be the effect of an increase in temperature upon the rate of 
adsorption.^ On the amount of adsorption? 
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The Structure of Plant Cells.— The typical cell of the higher plants is £ 
tiny compartment enclosed by a tough elastic wall (Fig. 8). The wall ol 
cells consists of two major parts: (1) the middle lamella and (2) tlu 


primary wall (Kerr and Bailey, 1934). 
In walls of many plant cells a third 
structural component, the secondary 
wall, is also present. Although some 
plant cells are known which do not 
have a well defined cell wall, this 
sti-ucturc is so generally present in 
plant cells as to be considered one of 
(licir characteristic features. 

Lining the interior of the wall and 
occupying more or less of the cell 
cavity is the protoplasm. The proto- 
plasm of active cells is a transparent, 
slightly viscous, granular material 
that lacks any conspicuous structural 
background. It is not homogeneous, 
however, and contains a number of 
definite structures. One of these, the 
nucleus, is a denser body whicli is 
more or less spheroidal in shape and 
is separated from the remaining pro- 
topla.sm by a definite membrane, the 
nuclear membrane. Within the mem- 
l>rane surrounding the nucleus are: 
(1) a clear liquid known as the nu- 
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clear sap, (2) a delicate network of denser material, the reticulum, and 

(3) one or more small sjjlierical masses of material known as the nucleolus 
or nucleoli. 

All of the protoplasm outside of the nucleus of the cell constitutes the 
cytoplasm. In a typical mature plant cell the cytoplasm is present as a 
thin layer lining the inner surface of the cell wall. The two boundary 
surfaces of the cytoplasm— that in contact with the cell wall and that in 
contact with vacuole — are called cytoplasmic membranes (Chap. VIII). 
Imbedded in the cytoplasm are numerous well differentiated bodies known 
as plastids. Plastids are usually centers of certain types of physiological 
activity. They are commonly classified on the basis of their color into 
three groups: the leucoplasts which are colorless, the chloroplasts which 
contain the green chlorophyll pigments (also yellow pigments), and the 
chromoplasts which contain red or yellow pigments. Chondriosomes 
(mitachrondria) , minute rod-like or granular bodies, are also found in 
the cytoplasm. The significance of these structures is not positively 
known, although a number of different roles have been ascribed to them. 



Fig. 9. Plasmodesms in ceil walls of tobacco: (A) in sieve tubes and companion 
cells, (B) in epidermal cells of leaf. Redrawn from Livingston (1935). 

Although the cell wall appears to imprison each protoplast and to 
effectively isolate it from the protoplasm of adjoining cells, actually there 
is probably a continuation of protoplasm from cell to cell. By certain 
techniques it can be demonstrated that minute pores extend from cell to 
cell through the cell walls. Xhese pores often contain cytoplasmic strands 
which connect the cytoplasms of adjacent cells. Xhese strands are termed 
'plasmodesms (Fig. 9). Livingston f 935) has demonstrated the occur- 
rence of plasmodesms in the walls of cells from a number of different 
tissues of the tobacco plant, and it is generally supposed that they are 
of widespread if not universal occurrence in the cell walls of higher 
green plants (Meeuse, 1941). 

Xhe bulk of the interior of most mature plant cells is occupied by a 
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single large cavity, the vacuole^ which is filled with cell sap. The cell sap 
is composed of water in which a great variety of substances are dissolved 
or colloidally dispersed. 

There is no general agreement among cytologists regarding the exact 
classification of the parts of plant cells. Ihe vacudTe, for example, is 
frequently classified as a part of the protoplasm, because it first appears 
as minute droplets in the protoplasm of very young cells. Physiologically, 
however, the vacuole of the mature cell is as distinct an entity as the 
protoplasm or cell wall, and it is therefore considered as a separate part 
of the cell in this book. The following classification includes the prin- 
cipal parts of a mature plant cell. A few of these j>arts, as for example 
the various kinds of plastids, do not occur in every cell. 
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Cell Wall 


Middle lamella 
Primary Wall 
Secondary Wall 


[ Pla.smodesm.s 
Cytoplasmic membranes 
Undifferentiated cytoplasm 
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Nuclear membrane 
Nuclear sap 
Reticulum 
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Cell Sap. . . . • 
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Water 

Various compounds in 
solution or in a state 
of colloidal disper- 
sion 


[ Crystals 


e Origin and Development of Cells. — As soon as it became clear that 
p ant and animal tissues were composed of cells, the question of the 
origin of cells naturally arose. This proved to be a difficult problem for 
c pioneer investigators, and for many years there was much disagree- 
Rien over the question. The now universally accepted principle that cells 
can arise only from pre-existing cells was first demonstrated beyond any 

reasonable doubt by Nageli just before the middle of the nineteenth cen- 

^ry. n higher plants cell division occurs chiefly in certain restricted 
regions called meristems (Chap. XXIX). The formation of new cells 
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involves not only the division of pre-existing cells, but the subsequent 
enlargement and maturation of their cell progeny. 

The Forms and Sizes of Cells.— All newly formed cells do not differentiate 
morphologically in the same way. Some elongate parallel to the axis of 
growth more than in other directions and become the long fiber cells that 
make up much of the xylem and phloem tissues. These cells commonly 
develop walls that are greatly thickened. Some cells enlarge about equally 
m all directions becoming isodiamctric colls, the walls of which usually 
remain thin and flexible. Cells of this type arc present in the flesh of 
apples, melons, potatoes, and in many other parenchymatous tissues. 

Plant cells apiicar to be basically tetrakaidecahedra, f.e., fourteen-sided 
(Lewis, 1935, 1943), although numerous deviations from this basic pat- 
tern exist. Actually this number of cell faces is closely aiiproximated, on 
the average, m certain relatively undifferentiated plant tissues (Marvin, 
1939; Hulliary, 1944, 1948; and others). In some tissues, specifically eiii- 
dermis cells (Matzke, 1947, 1948) and cortical cells (Ilulbary, 1944), 
the average number of cell faces is characteristically smaller. In general, 
small cells have fewer face's tlian larger ones (Marvin, 1944). An almost 
endless variation in the forms and sizes of cells may be seen in the tissues 
of any vascular jilant. Many different kinds of Jilant cells arc figured 
and described in greater detail in later chapters. 

In size, cells show an even givater range of variability. Pelativciy few 
cells in the vascular plants ha\'e diameters less than 10 \j. or more than 
200 [j.. The small size of most plant cells may lie appit-ciateri from counts 
that haxc been made on familiar tissues. An a\’erage sized ap|)le leaf 
contains about 50,000.000 cells; an object 1 sf|uare inch in an-a I'laced on 
the surface of many common leaves would cover about a million epi- 
dermal cells, a section only 1 mm. in thickness cut \'('ry near the tiji of 
a root of the cowpea jdant would contain about 128,000 cells. Some cells, 
however, are very much larger. Many of the cells making up the flesh of 
a watermelon arc large enough to be seen without magnification and 
have a volume some 350,000 times that of the mcristematic colls from 
which they developed. A cotton fiber is a single cell, and varieties of 
cotton arc grown which pro.luce fibers exceeding 4 cm. in length. The 
phloem fiber cells of Boehmerin niven arc know-n to reach a length of 55 

cm. Such fiber cells have lengths that are many thousand times their 
diameters. 

— In the vascular plants the 
division of a plant cell is preceded by the division of the nucleus. Nuclear 

division IS a complicated process involving organization of the nuclear 
reticulum into unit chromosomes, splitting of those chromosomes, separa- 
tion of the split chromosomes, and finally rocon.stitution of a daughter 
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After the enlargement of the cell ceases the deposition of cellulose on 
the inner surface of the primary wall may continue until the wall be- 
comes conspicuously thickened. When this tiiickening is accompanied by 
a loss of the capacity for enlargement and a loss of elasticity, the added 
material is known as the secondary wall. In extreme cases secondary walls 
may increase in thickness until the wall occupies most of the interior of 
the cell. All cells have a middle lamella and a primary wall, but second- 
ary walls are present only in certain types of cells. Phloem fibers, stone 
cells, tracheids and wood fibers are typical examples of cells with promi- 
nent secondary walls. 



Fig. 11. Diagram of a small portion of a cellulose micelle, showing crystalline 

and amorphous cellulose. 


Increase in thickness of the wall usually takes place by the addition 
of definite layers of cellulose or other cell-wall constituents to the inner 
surface of the existing wall. In most walls these layers are too thin to be 
detected without swelling or otherwise treating the wall. 

The Structure of the Cell Wall . — The structural framework of the plant 
cell wall is composed of cellulose and the basic unit of this framework is 
the cellulose molecule. CJellulose molecules are long chains formed by the 
condensation of many hundred ^ i>-glucose molecules (Chap. XX). Since 
the length of the chains is not constant, cellulose molecules are not units 
of definite molecular weight. Many of the cellulose molecules in the walls 
of living plant cells are long enough to contain at least 5000 j lucose 
residues (a glucose residue is a molecule of ^ o-glucose minus a molecule 
of water) , whereas others are much shorter. 

The geometrical arrangement of the long cellulose molecules in the 
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different degree:? of parallelism in 


cell wall has been revealed by studies with the X-ray and polarized light. 
In certain regions the chain molecules are so closely parallel that they 
have acquired many of the proi)erties of crystals. In other regions the 
chain molecules arc less perfectly oriented giving rise to what is known 
as amorphous cellidose. The same cellulose moleeide may be a part of a 
highly cry.stalline area, pass on into an amorpiious region, and then con- 
tinue on to enter another crystalline zoTie I Fig. 111. The transition be- 
tween the cr>'stalline regions (known as micelles or crystallites) and th. 
ainoiphous areas is not ahrujit so the wall is a fabric of verj' long chain 
molecules of cellulose which exhibit 
different parts of the wall. 

Measurement of the X-ray diagrams of some of the natural plant fibers 
shows that the crystalline regions (micelles) have a rather definite thick- 
ness. A single micelle may be considered as rhombus about 5-6 mjji in 
thickness and at least 60 mg. in length (Heuser, 1944). In terms of cel- 
lulose molecules this means that each crj^stalline micelle is a bundle of 
some 100-170 parallel molecules and that those portions of the molecule 
which lie within the micelle consist of at least 120 glucose residues. It 
IS probable that in many cell walls long chain molecules formed by the 
condensation of other sugars are associated with the cellulose molecules. 

The proportions of crystalline and amorphous cellulose in plant cell 
walls vary within wide limits. In the thickened walls of some plant fibers 
as much as 90 per cent of the cellulose is crystalline while in the enlarg- 
ing walls of the young cells the crystalline cellulose makes up only a 
smal proportion of that present. In some young cell walls crystalline 
cellulose appears to be entirely absent. Since the distinction between the 
cry. sta line and amorphous cellulose lies chiefly in the degree of orient a- 

'* a cell wall will 

H a r proportion of crystalline cellulose 

separatHhe^'miTeir''' submicroscopic size 

. p ate the micelles and form an interconnecting system which extends 

throughout the cellulose framework (Fig 11 12B) TLpg 

cellulose nortions nf tl.o ^ ii t ° molecules may penetrate the 

:"en':or:irj:\r -r 

with wSe “ wall of cotton fibers, the spaces are filled 

strlnL^of^^fih^fi cellulose walls are delicate thread-like 

and rScell , u ot a great many molecules 

es of cellulose both of which are oriented with their long axes 
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parallel to tho long axi.s of the fibril. In priinarv walls the fibrils form a 

fine anastomosing network (Fig. 12.11, the me.shes of which are filled 

with colloidal pectic compounds. In secondary walls the fibrils are often 

grouped into coarser branching strands which wind around the cell in a 

steep spual the angle of which may vary in different layers and even in 
difterent jiarts of the same layer (Fig. 13). 

The minute details of cell-wall structure have been difficult to fathom 
liccamsc of the limitations imposed by even the finest optical microscopes. 





N 



Fig. 12. Diagrams illtistrafing stih- 
microscopic structure of primary 
cell wall. (/I) The meshwork of 
anastomosing cellulose fibrils as seen 
in surface view. (B) Cross section 
of a single fibril .showing micelles 
and intermicellar .•spaces. 


Fig. i;?. Diagram illii.^t rating 
the structure of a thickened 
plant cell wall: (4) inner 
layers of secondary wall, (B) 
second layer of the secondary 
wall, (C) first layer of the sec- 
ondary wall, (D) cellulose 
framework of the primary 
wall, (E) primary wall of cellu- 
lose and pectic compounds. 
Note that the fibrils may be 
differently oriented in different 
layers of the same wall. 
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riie limits to the resoh irig ])o\vcr of an optical microscope are determined 
by the wave lengths of light used. The shorter the wave length, the 
greater the resolving power. It follows therefore that, if some method 
could be found to use wave lengths of radiation considerably shorter 
than those of the visible spectrum, it would be possible to see or photo- 
graph objects that were too small to be visible in the usual compound 
microscope. Such a method has been developed in the electron microscoju'. 
In this instrument beams of electrons are used instead of fL,. 
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The Physical Properties of Cell Walls. — The physical properties of pri- 
mary cell walls differ sharply from those of secondary walls. Primary 
walls are usuall}^ very flexible and elastic. The mesophyll cells of some 
species, for example, are known to undergo reversible changes in volume 
of 30 per cent or more as a result of changes in turgor pressure. The great 
flexibility and elasticity of primary walls are made possible by the large 
amount of amorphous cellulose in the wall and by the extensive system 
of intermicellar and interfibrillar spaces which is filled with gelatinous, 
hydrophilic pectic compounds. The low elasticity, reduced flexibility, and 
very high tensile strength (comjiarable to that of spring steel) of second- 
ary walls contrast strongly with the properties just described as being 
typical of primary walls. The greater stiffni^ss and toughness of secondary 
walls are caused by the presence of larger quantities of cellulose in the 
wall and by the high proportion of crystalline cellulose. 

Both primary and secondary walls an' transparent to wave lengths of 
the visible spectrum. 

Chemical Constituents of Cell Walls. — (kdlulose is by far the most abun- 
dant compound found in the cell walls of the higher plants. Associated 
with cellulose in all the primary’' cell walls of vascular plants are greater 
or lesser amounts of pectic compounds. Their presence in the middle 
lamella and in the intermicellar spaces of the primary walls has already 
been noted. The chemistry of the pectic compounds is discussed in Chap. 

XX. 

Lignin is an important constituent of the walls of most of the cells 
that make up woody tissues and it also occurs commonly in other thick- 
ened walls. The chemical structure of lignin appears to be that of a poly- 
flavone (Bonner, 1950). 

Lignin first appears in the middle lamella and primary wall and later 
can be detected in the secondary wall. AVhen associated with cellulose, 
lignin is present in the spaces between the micelles and not within the 
micelles. Lignified walls are usually freely permeable to water and solutes. 
The tensile strength of lignified cell walls is the same as that of cellulose 
walls but lignified walls resist compression better than cellulose walls. 
The increased resistance of lignified walls to compression is explained 
by the assumption that the presence of lignin in the intermicellar spaces 
welds the cellulose micelles into a single coherent mass and thus prevents 
the bending and buckling of the cellulose strands wdicn they are sub- 
jected to compression strains. 

Cutin is the name applied to the mixture of wax-like materials found 
on the outer surface of the epidermal cell w'alls of leaves, stems, fruits, 
and other organs. These wax-like substances are intimately associated 
with cellulose and often with pectic substances producing a wall of great 
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structural complexity (Anderson, 1934). Cutinized ceil walls are rela- 
tively impermeable to water. The presence of cutin in the outer walls of 
epidermal cells greatly reduces the evaporation of water from the surface 
of plant tissues. 

Suberin is similar in many of its properties to cutin. It constitutes an 
important part of cork cell walls and it is also found in the walls of a 
few other types of cells. Most of the surface of perennial plants, aside 
from the leaves and very young stems is covered with suherized cell’walls. 
Such walls are relatively impermeable to water. The chemistry of both 
cutin and suberin is discussed in Chap. XXIII. 

Hemicellvloses are a poorly defined group of polysaccharides associ- 
ated with cellulose in plant cell walls. They are not chemically related to 
cellulose, as the name implies, but possess very different chemical and 

physical properties. The chemistry and metabolic significance of these 
substances are discussed in Chap. XX. 

Callose is the name given to a carbohydrate found in the [lerforated 

septa (“sieve plates”) of the sieve tubes. Similar material, presumably 

of the same chemical composition, has been found in pollen grains and 

constitutes the inner layer of pollen tubes. It has also been reported as 

occurring in the fungi. The exact chemical composition of callose is un- 
known. 


Chtrn IS an ainino-hexosan (C'hap. XX), common in the exoskeleton 

of insects, also found in the walls of many fungi and bacteria. It has 

been reported as being present in the walls of certain algae, but it is un- 
known in any of the higher plants. 

Tamnns (Chap. XX) are commonly found in the cell sap, but they 

mZIII" Whan XxI 

Mucilages (Chap. XX) are common constituents of the outer walls of 

many water plants and occur also in the outer walls of some seed coats 
in glandular hairs, and in other tissues * 

Inorganic compounds such as silica and salts of calcium, iron and other 
metals are also present in some iilant cell walls. None of these inorganic 

.OJOU..K however, are regarriod as oasen.ial constituents ofTe ce^ 
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Although ]iroto])lasm appears to be a simple liquid, no simple liquid 
could i^ossihly possess the remarkable powers of synthesis, assimilation, 
reproduction, growth, and sensitivity that characterize the protoplasm 
of living jdant cells. The projicrties and behavior of i)rotoplasm cleady 
show tliat it is not a substance but that it must be regarded as a complex 
system of substances. This system is dynamic; it is constantly under- 
going changes yet at the same time the changes are so regulated and 
controlled that the system is not disrupted. A cell is alive only so long as 
the organization of this dynamic protoplasmic system is maintained. 

The Chemical Composition of Protoplasm. — Since ]irotoi)lasm is a dy- 
namic system of substances it is not possible to subject it to chemical 
analysis without destroying it. In tlie strict sense, therefore, it is impos- 
sible to discover the chemical coini)osition of i)rotoplasm. It is possible, 
however, to examine the substances ])resont after the protoplasmic sys- 
tem has been destroyed and to determine their chemical composition and 
relative abundance. A number of such studies have been made. 

Water is the chief component of all physiologically active plant pro- 
toplasm, usually making up more than 90 i)er cent of the system. The 
water content of the ])rotoplasm of dry seeds, on the other hand, may be 
less than 10 per cent. 

Most attempts to determine the chemical composition of plant proto- 
plasm have been made upon species of the myxomycetes (slime molds). 
At certain stages in their life history the.'^e organisms consist of naked 
masses of labile protoplasm. They are often found “flowing” over rot- 
ten logs in damp woods. The fact that the myxomycetes jirovide rela- 
tively large quantities of protoplasm entirely free from cell-wall material 
has made them a favorite object for chemical analysis. Even in such 
organisms, however, not all of the constituents of the plant body can be 
regarded as integral parts of the protoplasm. Distributed throughout 
the protoplasmic mass are particles of foods and other inert materials 
which cannot be separated from the protoplasm. The results of a chemi- 
cal analysis of the dry residue of a myxomycete plasmodium are shown 
in Table 7. 

As shown in this analysis, proteins and other nitrogen-containing com- 
pounds constitute the bulk of the organic matter in the plasmodium of 
this species. Many different varieties of i)roteins are known to occur in 
the protoplasm of plant cells. They are compounds of enormous molecular 
weight (Chap. XXVI) and undoubtedly make up a large proportion of 
the labile structural framework of the protoplasm. 

Lipids (Chap. XXIII) constitute a smaller fraction of the protoplasm 
than the proteins. Three types of lipids occur in the protoplasm; the true 
fats (oils), the phosphatides (phospliolipids) , and the sterols, of which 
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phytostcrol is an example. The oils are generally suspended in the pro- 
toplasm in the form of minute glohiiles. They are probably more impor- 
tant as food reserves than as actual constituents of the protoplasm. The 

phosidiolipids and sterols, on the other liand, are believed to be essential 
constituents of the protoplasmic system. 

The water-soluhlc carbohydrates and amino acids, present in the ])las- 

modium of tliis si)ecies, are iirobahly almost entirely foods. The inorganic 

compounds (“mineral matter”) in plant cells are chiefly the phosphates, 

chlorides, sulfates, and carbonates of magnesium, potas.sium, sodium, and 
calcium. 


TABLE 7 ANALVMS OF THE PLASMODIUM OF A MYXOMYCETE RESEMBLING FULIGO VARIANS 

(data of lepeschkin, 1923) 



Percentage of 
dry weight 

A. Water soluble substances, chiefly from vacuoles: 

Monosaccharides. . . 


Proteins 

I 4 . 2 1 

Amino acids, asparagine, etc 

2 . 2 

B. Insoluble organic substances, principally constituents of the protoplasm- 
Nucleoproteins . ‘ * 

243 

Nucleic acids. . 

32.3 

Globulin ... ' 1 

^■5 

Lipoproteins 

0-5 

Neutral tats. . 

4 . 8 

1 hytosterol ‘ 't 

6. 8 

Phosphatides. . . 

3-2 

Other organic matter. . ’ ' ‘ ' 

1-3 

C. Mineral matter, about half water soluble 

3-5 

j 

4-4 
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of them, however, are dynamic systems composed of the same types of 
compounds, and all of them possess a colloidal organization of a com- 
plex type. 

The Physical Properties of Cytoplasm. — There are enormous difficulties 
in the way of determining the physical properties of cytoplasm. The cy- 
toplasmic system is so dynamic and so susceptible to change that most 
experimental procedures are almost certain to alter its physical proper- 
ties, The magnitude of such induced alterations is usually difficult to 
estimate, and hence there are often serious discrepancies between the re- 
sults of different investigators. Certain generalizations, however, seem 
to have wide application. 

1. Transparency — Apart from certain pigmented structures, such as 
chloroplasts, cytoplasm is usually transparent to wave lengths of the 
visible spectrum. 



15. Demonstration of the “elastic” property of cytoplasm. Redrawn from 

Seifriz (1936). 

2. Elasticity — Cytoplasm appears to combine both clastic and fluid 
properties to a degree unusual in physical systems. Strands of cytoplasm 
sufficiently fluid to show protoplasmic streaming behave like elastic 
threads, and Seifriz- (1936) has shown that the cytoplasm of a plant cell 
may be drawn out into long threads which snap back into the cytoplas- 
mic mass when released (Fig. 15). Cytoplasm is not invariably elastic, 
however, for sometimes viscous cytoplasm may be more plastic than 
elastic and highly fluid cytoplasm also may give little evidence of elastic 
extensibility. The elastic properties which seem so generally present in 
cytoplasm appear to owe their origin largely to the structure of the pro- 
tein molecules and micelles which have so important a role in cytoplas- 
mic structures (Moyer, 1942). 

8. Viscosity — Numerous ingenious methods of measuring the viscosity 
of cytoplasm have been devised, but the results obtained arc not in agree- 
ment The one conclusion which emerges most clearly from all of these 
studies is that the viscosity of the cytoplasm of living cells may vary 
within wide limits and with extreme rapidity. It has also been found 
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that different portions of the undifferentiated cytoplasm of a single liv- 
ing cell possess very different viscosities. Near the surface, cytoplasm 
is more viscous than in the interior, although according to Scarth (19421 
the surface itself is highly fluid. In general, much of the cytoplasm of 
cells that are physiologically active is very fluid, whereas in dormant 
cells, such as those of diy seeds, the cytoplasm may be as viscous as a 
stiff gel. The viscosity of the cytoplasm in active cells may change rap- 
idly as a reaction to mechanical injury or electric shock, to changes in 
temperature, differences in acidity, and exposure to various chemical 
compounds. Dehydration increases the viscosity of the cytoplasm and 
death of the cell results in a marked increase in viscosity. 

4. Immiscibility with Water — The cytoplasm of cells that are physio- 
logically active is invariably composed predominantly of water, yet 
when the protoplasts are extruded from such cells into an aqueous me- 
dium they do not ordinarily mix with the water. The failure of cytoplasm 
to become dispersed through the water is largely, if not entirely, a result 
of the presence of a surface membrane containing fat-like constituents 
ft’hich are insoluble in water. AVhen this surface film is punctured a new 
membrane quickly forms across the broken surface. If substances are 
present that prevent the development of this surface film the cytoplasm 
of active cells readily disperses in the water. 

5. Gelation — One of the striking properties of th^ cytoplasmic systems 
of physiologically active cells is their capacity to undergo reversible sol- 
gel transformations. In cytoplasm as in physical systems no sharp line 
of division can be drawn between hydrophilic sols and gels, and every 
gradation between the two may be found in living cells. 

6. Coagulability — The cytoplasmic system of most physiologically ac- 
tive cells is destroyed by temperatures of 60°C. or above. Death of plant 
cells at such temperatures is generally considered to result from a coagu- 
lation of some of the proteinaceous constituents of the protoplasm (Chap. 
XXX). A number of other factors may bring about coagulation of the 
protoplasm, at least in the cells of certain species. Among these are 
certain electrolytes, electric currents, freezing, mechanical pressure, su- 
personic waves, and certain wave lengths of radiant energy (especially 
ultraviolet radiations, X-rays, and radium radiations) . 

7. Electrical Properties — Numerous attempts have been made to de- 
termine the isoelectric point of cytoplasm. It was soon discovered that 
cytoplasm does not have a definite isoelectric point but rather an isoelec- 
tric range. This is doubtless to be explained by the fact that cytoplasm 
is a complex sol composed of many different proteins, each one of which 
may possess an isoelectric point different from that of the others. Meas- 
urements of the cytoplasm of cells in the root tips of different plants 
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showed the isoelcetrir ranKo to he from />H 4.6 to pU 5.0 (Naylor, 1926). 
These values appear to he representative for cyto])lasni in general. 

Cytoplasm is usually on the alkaline side of its isoelectric range (sec 
later discussion of the p\\ of the cytoplasm), anri therefore we would ex- 
[)ect to find that its constituent micelles are negatively charged. That 
this is tiuc at least for tlie visible granules of the cytojilasm of some cells 
has been shown by Sen (I934>. C’ataidioretic migration of the granules 
in the cytoplasm of root hair cells and ejiidermal cells toward the anode 


was >ho\\ n to occur, thus indicating that these j)articlos carrv a negative 
charge. Heilbrunn (1940), on the other hand, has reported finding cyto- 
plasmic inclusions to be positively charged and suggests that the iiositive 
charge results from the presence of carbonic acid in the cell. During ac- 
tive photosynthesis, when C'O^ concentrations may be presumed to be 
low, the charge on the chlorojilasts of Klodea cells l)ecomes negative. 

I lie ]mot('ins present in the nucleus apparently jiossess different iso- 
electric jioints from those of the cytoplasm. Furthermore, it is probable 
that some portions of tlie cytoplasm possc^ss isoelectric jioints different 
fiom thos(* of other parts of the cytoplasm in the same cell. 

C yto[)lasm contains dissolved eh'etroivtes and would therefore l)e cx- 
l)ected to conduct an (-lectrical current, iirooks (1925) determined Mic 
electrical condueti\ify of tlie plasmodium of the myxomycete BicfeUhti 
maxifua and found it to be efiuivahait to that of a 0.00145 solution of 
NaC I, which is a iclatively low value. TIu* solution in the moss substrate^ 
on which the jilasmodium was growing had a conducti\'ity only about 
one-third as great as that of the iilasmodium. Fvidenee was also found 

‘ pi’otoplasm ' aries according to the conduc- 


tivity of the medium wdth which tlu' cells are in contact. 

8. Streaming — Tn many cells the cytoplasm may be seen in active 
movement. Tn the simplest cases this nmvement consists of a rotation of 
the cytoplasm around the inner surface of the cell wall. A\diere cyto- 
plasmic strands extend through tlu* vacuoh', as in the cells of Trader- 
cantia stamen fiau's, the circulatniii of the cytopla.'^m may become very 
complex. Rates of cytofilasmic streaming seMom exceerl ().] mm. per sec. 
The plastifls and the visible granules are carried fia.ssively around the 


cell by the mo^ ing cytoplasm. I he causes of cytojilasmic streaming [c]f- 
closis) are unknown. It is accelerated by inert'ases in t(*mj)erature u[) to 
the point where injury af)pears and is checke(l by low temj)cratures, 
ceasing at temperatures slightly above the freezing point. Cyclosis is 
also stopped in the absence of oxygen anrI by anaesthetics in relatively 
high concentrations. Tn dilute concentrations toxic substances such as 
copper sulfate and narcotics accelerate the streaming movements. Tvight 
also appears to increase the rate of .'streaming urnler certain conditions. 


THE PHYSICAL STRUCTURE OF CYTOPLASM 


03 


llie specific effects of the various factors which inhucnce protoplasmic 
streaming arc reviewed in detail by Seifriz (1943). 

9. Permeabibty — The cytojilasin is variably pi'rmcable to water and 
many solutes. Physiologically tliis is one of its most important properties 
and is considered in more detail in Cluq). VIIl. 

The Physical Structure of Cytoplasm. — Any satisfactory explanation of 
the structure of cytoplasm must account not only for its physical proper- 
ties and for its dynamic behavior, but must also exj)lain how the innu- 
merable diverse physical and chemical reactions characteristic of living 
cells can occur side by side in the same general medium. The highest 
magnifications reveal no evidence of any structural background in ac- 
tive cytoplasm, yet its complex activities suggest that it must possess 
an intricate structural organization. The marked iinbibitional capacity 
ot cytoi)lasin, its stability toward (dectrolytes, its electrical j)roperties. 
its coagulability, and its gel-forming cai)acity all suggest that it is to 
be classed with the hydrophilic colloids. All modern stmlents of cyto- 
plasm are agreed that it is a hydropliilic colloidal systi’in of extreme com- 
I)lexity and variability. 

Plastic gels prol)ably poss(*ss a submicroscopic structure of long inter- 
lacing fibiillar units which hold a lujuid in their irregular interstices 
(( hap. TIT). Similar units are belie\'ed to be iiresent in many hydro- 
F)hilic sols. Isvidence from a ^'ariety of sources suggests tliat cytoplasm 
also has a structural background in which such organized units of sub- 
microscopic size play an important role. 

Because of the preponderance of proteins and related sulistances in 
(hied i^rotoplasmic residues, it seems to be a safe assumption that the 
firimaiy structural framework of cytoplasm is composed of proteins. Pro- 
tein molecules arc long chains of amino acid residues (C'hap. XXVD with 
many, often complex, side groups. Some kimls of protein molecules exi<t 
rharactcM-istically in tlio form of essentially straight elKiins; others are 
bent l)ack and fourth upon each other forming globoid units (Moyer 
1942), There is considerable evidence that the configuration of a given 
protein molecule may change from globoid to linear ami vice-versa de- 
pendmg u()on the conditions to which it is subjected. 

That at lea.st some of the proteins present in the cytoplasm occur as 
more or less linear molecules or aggregates of such molecules seems ex- 
treinely probable To postulate that the basic cytoplasmic structure con- 
sists of a three-dimensional network of such interlacing chain molecules 
\Mth a more fluid phase occupying the interstices among the molecular 
f. aments is entirely consistent with current knowledge regarding the 
c icniica composition and physical properties of cytoplasm. At points 
intersection, such interlacing molecules are presumed to be tied to- 
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gother with various types of chemical bonds which may vary in degree 
of firmness with prevailing conditions. The hydrophilic properties of cy- 
toplasm, its changes in its viscosity, elasticity, and tensile strength, as 

well as its sometimes rapid sol-gel transformations could all be accounted 
for on the basis of such a structure. 

The Plastids.— All living cells of the higher plants contain prominent 
cytoplasmic bodies known as plastids. These structures are often ellip- 
soidal m shape and are freriuently consiiicuous because of the presence of 
pigments. The color of the pigments in the plastids has been used as the 
basis for their classification, but this .system is highly artificial since a 

single plastid may he colorless, green, red or yellow at different periods 
of its existence. 

In meristematic and embryonic cells the plastids first appear as tiny 
granules in the cytoplasm that range in size down to the limit of visibil- 

ity (Randolph, 1922). These granules 
gradually enlarge and differentiate un- 
til mature plastids are produced. In 
growing and in mature cells plastids 
frequently multiply by fission. 

In the algae the chloroplasts ex- 
hibit a wide range of size and shape, 
l)ut in the higher plants they show a 
remarkable similarity. The mature 
chloroplast of the higher plants is 
typically a slightly flattened ovate 
spheroid with the longer axis ranging 
between 4 [jl and 6 g in length. The 
number of chloroplasts present in a 
cell of a higher plant may range from 
a few to over a hundred. The number 
present in a given cell may be quite different at different stages of its 
development. 

Chloroplasts consist basically of a proteinaceous matrix or stvoiTid 
which probably is surrounded by a membrane. The chlorophyll and other 
pigments are present in small wafer-shaped granules called grana which 
are distributed throughout the stroma (Weier, 1938, 1939 and others). 
Pigments are distributed throughout the apparently proteinaceous frame- 
work structure of each granum. A single chloroplast of spinach contains 
forty to sixty grana (Fig. 16), each about 0.6 g in diameter and about 
one-eighth as thick (Granick and Porter, 1947). Several million chloro- 
phyll molecules could be contained within a single granum. 

The chromoplasts contain red or yoilow pigments and are frequently 



1 10 16. Electron mioro.^cope j>ho- 
tograph of two chloroplasts of spin- 
ach showing grana. Photograph 
from Granick and Porter (1947). 
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very different in size and shape from the chloroplasts. Usually they are 
very slender spindle-shaped or needle-shaped bodies. They occur both 
singly and grouped in bundles. The irregular angular outline of these 
plastids contrasts sharply with the regular curved surface of the chloro- 
plasts. In some species, however, chloroplasts may develop red or yellow 
pigments and completely lose their green color. The red and vellow'colors 

of some fruits, notably members of the Solanaceae, and some flowers, are 
caused by chromoplasts. 

The colorless leucoi)lasts are usually present in the cells of meriste- 

matic tissues in which they often represent juvenile stages in the develop- 

ment of chloroplasts and chromoplasts. In tissues not exposed to light 

they remain as colorless plastids and are the structures in which starch 
grains are formed. 

• y*’® nucleus is a conspicuous spheroidal body which is 

has a diaine- 

ter which falls within a range of 5 ix to 25 g. In the vascular plant.s there 
IS usually only one nucleus to a cell, although in certain tvpes of cells 
several may be present. The sieve tube cells are the only well-known ex- 
ample of living cells in the higher plants in which no organized nucleus 
is present. 

The importance of the nucleus centers around the fact that the heredi- 
tary potentialities of the cell are determined by the chromosomes which 
reside m the nucleus. The factors in the chromosomes establish the broad 
general patterns of growth within which environmental variations occur 
It IS the chromosomes, for example, which insure that a cotton seed can 
give rise only to a cotton plant and never under anv circumstances to 
a corn plant or an oak tree. It is clnar, thoroforc, that H.c n "oTrs 

ItTna’t lafluenco over the pliysioloBieal processes of the cell 
a least insofar as these processes are concerned with the determination 

Plant ''-actenSle lea.nres of a mature 

and entirely surrounded by the cytoplasm ^ 

Menstematie cells in the tips of stems and roots usually contain nu 
merous small vacuoles scattered throughout the cvtonlasm Tho cL 

tivit^ToVlir^'T T”"' determined by the ac^ 

may assume many different forms. Cambium cells thal a^raluvely Z 

tialZhe vLuderiikTfhZ®" v^uoles (Bailey, 1930). In cambium ini- 

not uniform in size L ^ "’^cisterns of stem and root tips, are 

ze or shape, but may be rod-shaped, thread-like, or 
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globular. They may coalesce into a large single vacuole or they may 
divide into numerous smaller vacuoles. Mature cells, however, whether 

primary meristems or from the cambium cells, typically 
contain one largo central vacuole which arises by the increase in size 
and coalescerice of the numerous smaller vacuoles usually present in the 
ineristematic ceils. 

There is no general agreement as to the method by which vacuoles 
originate. Three possil>ilities are recognized: (1) they may arise by the 
division of pre-existing vacuoles, (2) they may originate de novo in the 
cytoplasm, and (3) they may develop from organized units of the cyto- 
r)lasm. There is no convincing evitlence, however, that the vacuoles of 
the cells of tlie vascular plants arise in any way except by the division 
of pre-existing vacuoles (Zirkle, 1937). 

Among the vaiious substances present as solutes in the vacuole are 
sugars, mineral salts, organic acids (oxalic acid, especiall3^ seems to be 
of frequent oc('urrence) , amino acids, amides, alkaloids, glycosides, fia- 
vones, anrl anthocyanins. Fats and related compounds often occur in 
finely emulsifu'd form. Proteins, tannins, mucilages, li])ids, and other 
su’ostanccs are commonly present in tlie colloidal state. Crystals of cal- 
cium oxalate arc also of frequent occurrence in the vacuoles of mature 
cells. 

Hydrogen Ion Concentration of Plant Cells. — The hydration and viscos- 
ity of the protoplasm, the i)ermeability of the cytoplasmic membranes, 
the activity of enzymes, the chemical activity of various ions in the cell, 
and various other physiological processes and conditions are all influ- 
enced more or less by the hydrogen ion concentration of the protoplasm 
and the cell sap. 

Direct measurements of the hydrogen ion concentration of the proto- 
plasm and cell sap have been made by introducing indicator dyes into 
living cells By careful manipulation of a micropipette the dyes can be 
injected into the cytoplasm without penetrating into the vacuole or in- 
jected into the vacuole without penetrating into the cytoplasm. Only 
nontoxic dyes can be injected into living cytoplasm for pTI determina- 
tion, else the results may be invalidated by injury or death of the cyto- 
plasm. Dyes arc consiflercd to be nontoxic, or esstmtially so, if proto- 
plasmic streaming continues in the same way as before the injection. In 
this manner it is po.ssible to determine the reaction of the cell sap and 
that of the cytoplasm independently. Results of the microinjection 
method, when applied to the root hairs of the water plant Limnobium 
spongia, indicated a pH value for the cytoplasm of 6.9 zb 0.2 (Chambers 
and Kerr, 19321. The cell sap of the same cells wa^ found to he more 
acid, having a pH of 5.2 ± 0.2. 
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Indirect measurements of tlie hydio'icn-ion concentration of plant cells 
are often obtained by expressinf;: the juice from a sample of plant tissue 
and determining the pH value of the exiiressed sap. The expressed saj) 
represents a mixture of the lir|uids from many millions of cells and gives, 
therefore, only an average value for all of the cells in the tissue under 
study. Since it is probable that most of the liquid pressed from the sam- 
ple comes from the vacuoles of the cells, the /dl values obtained ;n(> 
considered more typical of the vacuolar solutions than of the cytoplasm. 
In spite of the obvious limitations of this nudhod, much information of 
importance has been secured, lixlcnsive studies of ]dant sai)s made in 
this way show that their hydrogen ion concentration usually falls be- 
tween pll ,5.5 and 6.5 (Hurd-Karrer, 19,391. The pH value of the cyto- 
plasm of plant cells is higher and api)cars to he more constant, usually 
falling between pH 6.8 and 7.0 (Seifriz, 19361. There are many excep- 
tions to these generalizations— the saj) of some cells has a much more 
acid reaction, values as low as pH 0.9 being reported for a species of be- 
gonia (Smith and Quirk, 19261. On the other hand, alkaline values h.avc 
been found in the vacuolar solutions of some species i Ila.as, 1916). 

Buffer Action in Plant Cells.— Both the cytopl.asm and cell sap of plant 
cells are usually huftered. The former, however, as its lesser variability 
in pH indicates, is usually more strongly buffered than the latter. All 
the actual information available regarding hulTer action is based, how- 
ever, upon determinations made upon expn-ssed i)lant saps. 

riic most impoitant buffer systems in li\ ing organisms are those com- 
l)osed of a weak acid and one (or morel of its salts (Chap. 2). Some 
of the principal acids which are comiionents of jilant buffer systems are 
carbonic, i)hosi)horic, citric, malic, tartaric, and oxalic. The principal base- 
fonning elements present in the salts which may serve as components^of 
buffer sy.stems are sodium, potassium, calcium, and magnesium. 

The buffer action of some jilant saps is aiiparcntly due predominantly 
If not almost entirely, to one system. The buffering of lemon juice for 
exiuniile, can be accounted for almost entirely in terms of the citrate 
buffer system (Sinclair and Eny, 1946). ^lore commonlv, however, a 
number of different buffer systems are present in a plant sap (Small, 

The Cell in Relation to the Organism.— In this chai.ter the various parts 
of plant cells have been considered in some detail, both with regard to 
their struclure and their roles in physiological iirocesses. Cells arc com- 
monly referred to as the basic units of plant tissues. Few will quarrel 
\Mth the idea that cells are units of structure, but it is imiM.rtant to real- 
la le ce s of the higher plants are not isolated physiological units. 

I lie minute protoplasmic strands which interconnect all living cells weld 
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thorn together so that the various tissues of plants are interdependent 
and are profoundly influenced i)y one another. The coordination and con- 
trol of tlie pliysiological processes occurring in a plant is clear evidence 
that such an organism is more than a mere aggregation of genetically 
equivalent cells and that control of cellular j^rocesses resides in the or- 
ganism as a whole ratluu' than within the individual cells. 
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DISCUSSION QUESTIONS 

1. How would you undortako to n.fcortain the numhor of colls in an ajiplc leaf? 
Tn a ]cno noodle? 

2. In what ways are plant and animal colls alike? Unlike? 

3. last some of the phenomena characteristic of colloidal systems which occur 
in plant cells, citinp: sjiecific examines. 

4. Df'scrihe a livinp; (rreen j)lant cell from a i)h>'siolocical point of view. How 
w ill such a d{‘scri])tion diirer from a morjihoioffical description of the same ceh ? 

5. How would you undertake to find out whether the interior of a ffiven plant 
ceil was occu]iiefl hy a vacuole, or hy a mass of proto])lasm? 

6. Usiu" fiirures 'riven in the text, calculate the volume of a representative jilant 
cell. What assumptions did you make as a basis for your calculation? If this cell 
shrinks 20 per cent in one dimension, what will its volume be? Twenty per cent 
in two dimensions Three dimension.-^ 

7. Do you considcT the term “d('ad protoplasm” a satisfactory one? Explain. 

8. Summarize the din’erences in structure which account for the differences in 
properties between primary and secondary walls. 


V 


DIFFUSION 


The chemical elements which constitute the hulk of tlie Ijodv of anv 

% « 

plant are amon^ the commonest ones on the surface of the earth. They 
occur in the environment of plants as relatively simple inorganic C{)m- 
pounds and enter plants in the form of such compounds. From the rela- 
tively small number of comj)ounds which enter it from its environment 
the green j^lant fabricates the numerous complex organic compounds 
which are essential to its continued existence as a living system. 

Tlic movement of substances into a jilant from its surroundings is ac- 
complished largely by the process known as diffusion. Substances enter 
a plant i)artly through its aerial organs and partly by way of the root 
system. From the atmosi)here, earbon dioxide and oxygen gases diffuse 
into plants, princiimlly through the stomates. From the soil, water and 
the cations and anions of inorganic salts pass into the plant at least par- 
tially by diffusion, although other more comiilcx mechanisms are also 
involved in the entranee of substances into roots. 

Similarly the loss of substanees from a plant into its environment is 

accomplished principally hy diffusion. Large quantities of water vapor 

liass out of leaves and other aerial organs of plants into the atmosphere 

by this lu-oeess. At times oxygen gas and at times carbon dioxide gas 

diffuse from plants into the atmosphere. Certain volatile compounds 

also escape from the aerial organs of many plants by diffusion. Similarly 

the roots lose carbon dioxide and other compounds into the soil by diffu- 
sion. 

Likewise some of the movement of substances from one part of a plant 
to another is accomplished by diffusion. This is true both of the gases 
\\hich move through the intercellular spaces and the water and solutes 
\\hich move within the cells. However, much of the translocation of ma- 
terials from one plant organ to another is accomplished by 
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plicatc.l nicrl.anisnis than difTusion. Witiiin any living plant cell diffu- 
sion of substances from one part of a cell to another is also continually 
in progress. 

In biief, thcie arc tow if anj' of the pliysiological processes occurring 
in plants which do not directly or indirectly involve diffusion phenomena. 

Diffusion of Gases.— If a small vial of bromine gas is broken under a 
l)ell jar which has previously been evacuated of air, the entire jar quickly 
becomes filled with tiie brownish vaj^or of bromine. The distribution of 
the bromine gas througliout the bell jar has been accomplished by the 
kinetic acti\ity of tlie bromine molecules and is a simj^le example of 
the process of difiusion. If the vial of bromine be broken under a bell 
jar which has not been evacuated of air, the time required for the bromine 
gas to occupy tlie bell jar completely will be longer than when diffusion 
ot the gas occuis into a vacuum. lender such conditions the freedom of 
movement of the bromine molecules is impeded by the presence of mole- 
cules of the gases of the air, and the diffusion process is retarded. If the 
i>ressure of the air within the bell jar be increased to two atmospheres 
{\\hich is equivalent to doubling the concentration of all the gases in 
the jai), the rate of diffusion of the bromine gas through the air would 

be still less than when the jar was occuiued by air at atmospheric pres- 
sure. 

]\Iany other simjile examples of the diffusion of gases might be cited. 
If a bottle of ammonia, ether, peppermint oil, or of any other readily 
volatile substance with a characteristic oflor be opened indoors, within 
a very short time the distinctive odor of that substance can be detected 
in all parts of the room. Such a dispersal of gas molecules is accomplished 
at least in part by diffusion, although air currents often assist in speed- 
ing up such a distribution of molecules. Kxcept in the rare case of diffu- 
sion into a vacuum, diffusing molecules move between the molecules of 
other substances. 


The following somewhat fanciful analogy may aid in visualization of 
the kinetics of the diffusion process in gases. Suppose two adjoining 
rooms to be connected by a closed double door. Imagine also that one of 
these rooms contains a large number of tennis balls traveling in various 
directions along straight pathways at different rates of speed. The aver- 
age distances between the tennis balls are supposed to be relatively great 
in proportion to their diameters. Each tennis ball represents a molecule. 
The individual balls will be constantly bumping into each other and into 
the walls of the room. Because of the large number of balls present in- 
numerable collisions will occur every second. Each time a ball strikes 
a wall of the room it will bounce off along a different linear pathway. 
Similarly, whenever two halls collide, each will be deflected out of its 
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course along a different route, to wliich it will hold umleviatingly until it 
is again deflected from its path by another collision. The course of each 
ball will thus he a zigzag progression through sjiace, each sliort segment 
of its path being terminated by a collision which changes its direction. 
All of the halls do not move at the same speed at any given time, i)ut 
the speed of each fluctuates from moment to moment as a result of the 
numerous collisions in which it ])artici))ates. The average speed of the en- 
tire group will remain constant, however, as long as the temiitaature re- 
mains unchanged. As a result of this haphazard mutual buff('ting, the 
tennis balls will remain equally distributed throughout the I’oom. 

Suppose now that the double doors connecting the two nu)ms are 
thrown open. As a result of their haphazard movement some of the balls 
close to the door will pass into the em])ty room. The first ones to do this 
will travel without interruption until they bumj) into one of the walls, 
as their rate of progression will not be impeded by collisions with other 
molecules. AVhen they hit against one of the walls of the room they will 
bounce back into its interior along a new pathway. As more and more 
of the balls pass into tlie originally empty room their rate of progn^^s 
becomes slower since the greater their concentration in the room, tlu^ 
greater the number of collisions per unit of time. As soon as any appreci- 
able number of tennis balls has invaded the empty room, as a result of 
their random movements, some will pass back through the doorway into 
the room which originally contained all of them. As long, however, as 
the concentration (number per unit volume) of the tennis balls is greater 
in one room than in the other their random movements will result in more 
passing through the door into the room in which their lesser concentra- 
tion prevails, than in the opposite direction. 

In a relatively short time the concentration of tennis halls will have 
become equal in both rooms. In other words, they have “diffused” from 
one room into the other. After equality of concentration has been estab- 
lished the number of balls passing through the door in one direction in 
any interval of time will be exactly equal to the number moving in the 
opposite direction. A\ hen this condition of dynamic equilibrium is at- 
tained, diffusion, in the sense the word is used in this discussion, is no 
longer occurring. 

If, in the hypothetical illustration just described, one room were filled 
with white tennis balls and the other with red tennis balls, diffusion 
would occur simultaneously in both directions. The red balls would “dif- 
fuse” toward the room in which their initial concentration was zero 
while the white balls would “diffuse” in the opposite direction. At equilib- 
rium the concentration of the white balls would be equal throughout 
the two rooms, and this would likewise be true of the red balls. 
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I'A-on after a dynamic equilibrium lias been attained in any system, 
liaphazard kinetic activity of the molecules continues. This is sometimes 
referred to as diffusion, but will not lie so considered in this book. The 
term diffusion will be used only to characterize situations in which there 
is gam in the number of molecules of a certain kind in one part of a sys- 
tem at the expen.se of other parts. According to this concept diffusion 
can occur nnlv when the concentrations of the diffusing substance is not 

uniform throughout the system, and 



I-K.. ]7. Aj)|»;iratu?; for dcinonst rat- 
ing thf flcvt'iopniont of pres.^iirc dur- 
ing diffusion of gases: {A) porous clay 
eiip, iB) glass tube, (f) vessel of 

colored water. 


the process can continue only as long 
as differences of concentration are 
maintained. 

I he phenomenon of diffusion is cx- 
hihited by the molecules of liquids, 
solutes, and even solids, as well as 
by those of gases. Diffusion of ions 
also occurs, and even colloidal i)ar- 
ticles diffuse, but only at very slow 
rates. 

Diffusion phenomena shouUl be 
clearly distinguished from ma.s.s 
itwveineiif R, in wliich the moving 
units are not single molecules, but 
more or less extensi\'e assfunblages 
of molecules. Winds and air currents 
generally are examples of mass 
moveuK'nts of gas molecules. The 
draft of warm air ascending a chim- 
ney is another. All of the plienomena 
just listed, and many others, result 
primarily from differences in the 
density of tlie gases in various parts 
of a system. Heavy gases are more 


-strongly attracterl l)y gravitational 
forces than light gases. Hence, as in a chimney, cold (relatively heavy) 

air. displaces hot (relatively light) air, forcing fl,c latter to rise. Similar 
phenomena on a grand scale arc the principal caii.se of winds and air 
currents. They are representative of the physical process called convec- 
tion. Such phenomena al.so occur in lif|uid.s. Mass movements of gases 
and liquids can also be caused in many other ways. 

Diffusion Pressure. That diffusing gases sometimes result in the de- 
velopment of measurable prossuros can be readily shown by certain sim- 
ple experiments. In lig. 17 is depicted an api)aratus which can be used 
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to illustrate a number of aspects of the plicnoinciio!i of diffusion of ga'<es. 
This apparatus consists essentially of a \ertieally arranged glass tube, 
to tlie upper end of which is attached, by means of rubber stojjper, a 
cybndrically shaped porous clay cuii. This cylinder is hollow and its thick 
walls are pierced by numerous minute capillaries. These poies are fine 
enough to prevent mass movement of gases at any apjjreciable rate, but 
the i)orous clay is not a memluane in the usual sense of the word. The 
lower end of the vertical glass tubes dips in some colored water. If such 
a porous clay cylinder, containing air at atmos])heric pressure, be en- 
closed within a bottle containing hydrogen gas, also at atmos])heric pres- 
sure, a rai)id bubbling of gas will occur from the lower end of the tube 
through the dye solution into which it dips. When the bottle is removed 
a rapid and sudden rise of liciuid up the glass tube will ensue. This is fol- 
lowed by a slow subsidence in the level of the licpiid in the glass tube, 
until it falls to that of the water in the beaker. 

The explanation of this sequence of events is as follows. For reasons 
Inch aie discussed later, tne rate of diftusion of hydrogen is greater than 
that of nitrogen or oxygen under comparable conditions. When the jio- 
rons clay cup is first enclosed within the bottle of hydrogen, rajud diffu- 
sion of hydrogen gas occurs through the pores of the cu]). This raises 
the total gas iircssure within the cup, since outward diffusion of oxygen 
anil nitrogen occurs at a much slower rate, llydrngen gas diffuses into 
the ciqi in spite of the fact that this results in a greater total pressure 
inside the cup than in the surrounding atmosphere. The direction of the 
diffusion of the hydrogen gas is controlled entirely by its own differences 
m concentration and is unaffected by the presence of other gases. The 
greater gas pressure inside the cup results in the outward bubbling of a 
inixture of all three gases at the lower end of the vertical glass tube 
\\ hen the liottle is removed from around the porous clay cup, the direction 
of the diffusion of hydrogen is reversed, since the concentration of hydro- 
gen gas IS now greater inside of the cup. Since, while enchesed in the bot- 
tle of hydrogen some of the nitrogen and oxygen diffused out of the cup 
aiul sonic was lost by the bubbling of gases from the lower end of the 
g ass tube, this rapul outward diffusion of hydrogen results temporarily 

I cLc°tr originally present, 

luicc the solution rises rapidly in the glass tube. Finally, nitrogen and 

■ f "'"c 1, concentration of 

iKsi gases inside of the cup, and the liquid slowly falls in the glass tube 
to its original level. 

That the iirocess of diffusion may result in the development of pressure 

'’‘^'■y strikingly by means of another simjilc experi- 
ment. If a i.iire rubber balloon containing only a little air be suspended 


/ 


{ 
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in a closed bottle of carbon dioxide gas, it ^vill gradually become dis- 
tended. Rubber membranes are quite readily permeable to the molecules 
of carbon dioxide but virtually impermeable to those of oxygen, nitrogen, 
or other gases of the atmosphere. Since, temperature remaining constant, 
tile pressure exerted by any gas is directly proportional to its concentra- 
tion (number of molecules per unit volmne), it follows that tlie diffusion 
of the molecules of gases may be interpreted in terms of the differenc'^s 
in the partial pressure (Chap. ID exerterl by that gas in different parts 
of a s\:-tem. Because of the greater partial pressure of carbon dioxide 
in the surrounding atmosphere, diffusion of this gas through the walls 
of the balloon continues until the partial pressure of the carbon dioxide 
is the same on the two sides of the rubber membrane. Since the initial 


partial pressure of carbon dioxide inside the balloon was virtually zero, 
and that in the bottle equivalent to 1 atm., the inward diffusion of car- 
bon dioxide gas results in a considerable distension of the balloon. 

In the analysis of diffusion phenomena it is often clarifying to speak 
of the partial pressure of a gas as its diffusion pressure. Solutes and liq- 
uids may also be considered to possess a diffusion pressure, although the 
existence of such a physical quantity is less evident in such systems than 
in gases. Hence the concept that diffusion is the movement of the mole- 
cules of a substance from a region of its greater to a region of its lower 
diffusion pressure is usually more satisfactory than the interpretation 
of fliffusion phenomena in terms of concentration differences. 

Principle of Independent Diffusion. — In the first experiment described 
in the- preceding section it was shown that while one gas (hydrogen) was 
diffusing in an inward direction through the pores of a clay cylinder, 
other gases (oxygen and nitrogen) were simultaneously diffusing in an 
outward direction through the same pores. This exemplifies one of the 
most important principles governing diffusion phenomena — namely, that 
the direction in which any substance will diffuse is controlled entirely 
by its own differences in diffusion pressure, and is not influenced by either 
the direction or rate of diffusion of other substances in the same system. 
Hence, in any given system, as, for example, two adjacent plant cells, a 
number of substances may be diffusing in one direction across the inter- 
vening membranes, while simultaneously other compounds may be dif- 
fusing in the opposite direction across the same membranes. Each one 
of these individual substances will diffuse in the direction determined 
by its own differences in diffusion pressure, and at a speed which is de- 
termined by the factors that arc influencing the diffusion of that particu- 
lar substance. 

Factors Influencing the Rate of Diffusion of Gases. — 1. Density of the 
Gas . — Different gases diffuse at different rates even when influenced by 
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the same set of environmental factors. Hydrogen, for exampU'. (lifTuse> 
more rapidly than any other gas. The same 'I hoinas Ciraham wlio ((in- 
ducted some of the earliest studies on the properties of colloidal systems 
also was one of the first investigators to study quantitatividy the plu^- 
nomenon of gaseous diffusion. He discin^ered the principle, often calle*! 
“Graham’s Law of Diffusion,” that the relative speeds of diffusion of 
different gases are inversely proportional to the square roots of their rela- 
tive densities. By relative density is meant the weight of a given volume 
of gas as compared with the weight of the same volume of hydrogen.^ 
The relative density of oxygen_is 16. Hence the rate of diffusion ol liy- 
drogen is proportional to l/\/l while that of oxygen is proportional to 

Hydrogen gas will therefore diffuse four times as rajiidly as 

oxygen gas under the same conditions 
of temperature and pressure. The rela- 
tive density of carbon dioxide is 22; 
hence by similar reasoning it is apjKir- 
ent that hydrogen gas will diffuse 
nearly five times as rapidly as carbon 
dioxide gas. 

2. Temperature . — Increase in tem- 
perature increases the speed of diffu- 
sion. This is due, at least in part, to the 
correlated increase in the kinetic activ- 
ity of the molecules of the diffusing 
substance. Actual measurements of th(‘ 
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Qio of diffusion- generally yield vahu's 

between 1.2 and 1.3. Such values are characteristic of any purely physical 
])rocess such as diffusion. 

3. Diffusion-Pressure Gradient , — The fact that the direction of the 
diffusion of gases is from a region of their greater diffusion pressure to a 
region of their lesser diffusion pressure has already been emphasized. Th(' 
speed of diffusion is also influenced by differences in diffusion pressure. 
In general, the greater the difference in diffusion pressures between the two 
regions, the more rapidly diffusion will occur. The rate of diffusion is influ- 
enced, however, not only by the difference in diffusion pressures, but also 


'Since a molar weight of any gas occupies a voiuim» of 22.4 liters at standard con- 
ditions, molar weights of ga.ses are in themselves a measure of the relative density 
of gases. Since the molar weigld of hydrogen (Hj) is 2.016, the relative density of 
any gas on the ba.sis H 1, is equal to its molar weight divided by 2.016 (usually 
rounded off to 2). 

*The Qw of any process — physical, cliemical, or physiological — is defined as tlu* 
number of times that the rate of the proces.s increases with a 10°C. rise in tempera- 
ture. If the rate of the process is doubled, Q,,. is 2, etc. 
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by tlie distance tlirough which the diffusine; moiccides must travel. These 
two factors arc components of what may he called the diffusion-pressure 
gradient or concentration gradient. This concept mav be clarified by a 
s|K‘cific illu.stration, such as that de]dcted in Fig. 18. In both parts, A and 
/?, of this diagram, o.xygen i,s represented as diffusing from a region in 
which its diffusion pressure is maintained at 760 mm. Hg tatmospheric 
pressure) into a region in which its diffusion jiressure it just half as great. 
The length of the connecting tube is, however, .just twice as great in A 
as m B. Under the conditions po.stulate.l the rate of diffusion from the 
region of greater diffusion pressure to the other will be just twice as rapid 
m B as m .1. The diffusion-pressure gradient is eriuivalent to the differ- 
ence in the diffusion pressures between the delivering and receiving ends 
of the diffusion system divided by the length of the .listance between. 
The greater or “steeiier” this gradient the more rajiidly diffusion will 
occur. The steeper the gradient, the more rapid the change in diffusion 
pressure jier unit of length along the axds of the diffusion gradient. The 
steepnc.ss of a diffusion-iiressure gradient may be changed by varying 

cither factor, the difference in diffusion jiressiires, or the length of the 
gradient. 

4. Concentration of the Medium through Which Diffusion Occurs.— 
In general the more concentrated the medium, i.e., the more molecules 
per unit volume in the medium through which the diffusing molecules 
must jia.ss, the slower the rale of diffusion. Bromine gas, shown earlier 
m this cha[)ter, diffuses more rapidly through a vacuum than through air. 

Diffusion of Solutes.— The molecules or ions of a solute jio.ssess siifh- 
cient kinetic energy to move from place to jilace within the limits of a 
solution. The simplest method of demonstrating the diffusion of a solute 
is to introduce a crystal of copiier sulfate, or some other compound which 
is colored when in solution, into the bottom of a tall glass cylinder filled 
vith water. The cylinder should then be placed in an environment of 
equable temperature where it will be free from disturbance. The diffusion 
of the molecules or the ions which pa.ss into solution in the water can be 
followed by the slow change in color of the water. One of the most strik- 
mg facts illustrated in such cxperimcnt.s is the extremely slow rate of 
diffusion of solutes through water. This results partly from the fact that 
m such an experiment the stee,.ness of the diffu.sion gradient decreases 
with time, but principally from the fact that the densely packed mole- 
cules of the liquid enormously impede the diffusion of the dissolved 
molecules or ions. 

The tnic rate of diffusion of solutes is probably even less than the 
rates indicated in such experiments, because in all such setups convec- 
lon currents may rlevelop in the water and aid in the distribution of the 
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solute throughout the body of the liquid. The difftision of solutes is often 
demonstrated by employing a gel rather than a liquid as the medium into 
which diffusion occurs (Chaix III). Such a technique avoids errors in- 
troduced by the development of convection currents. 

The direction of the diffusion of any solute occurs in accordance with 
its own differences in diffusion pressure, regardless of the rate or direc- 
tion of diffusion of other solutes in the same system. The rate of diffu- 
sion of solute particles is governed by principles essentially similar to 
those which control the rate of diffusion of gases and is controlled by 
the following factors: 

1. Size and Mass of the Diffusing Particle. — Small molecules or ions 
diffuse more rapidly than large ones. A hydrogen ion, for example, dif- 
fuses many times more rapidly than a glucose molecule. Similarly, highly 
hydrated ions diffuse more slowly than those which have fewer water 
molecules bound to them, since the association of water of hydration with 
a molecule or ion in effect increases its size. The mass of tlie particle 
will also be a factor influencing the speed of its diffusion. As between 
two particles of the same size, but different masses, the heavier particle 
will diffuse more slowly. 

2. Temperature. — The kinetic activity, and hence the rate of diffusion 
of solute molecules, increases with increase in temperature. 

3. Diffusion Gradient. — The steeper the diffusion gradient, the more 
rapidly solute particles diffuse. 

4. Solubility. — In general, the more soluble a substance is in a liquid, 
the more rapidly it will diffuse through that liquid. This influence of 
solubility upon diffusion rates can be interpreted principally in terms of 
its effect upon the diffusion gradient, since obviously steeper gradients 
can be built up if the solute is very soluble in the liquid than if it is only 
slightly soluble. 
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DISCUSSION QUESTIONS 

L Why, in an experiment in which copper sulfate crystals arc placed in the 
bottom of a tall cylinder of water, does the steepne.^s of the diffusion-pressure 
gradient decrease with time? » 
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2 . If, in the rubber balloon experiment described in the text, the initial pres- 
sure of carbon dioxide outside the balloon is 1 atm., what will be the approximate 
pressure of carbon dioxide inside the balloon at equilibrium? Outside the balloon? 

3 . How can the carbon dioxide exert a pressure against the in.side walls of the 
rubber balloon (question 2) when rubber is permeable to carbon dioxide? 

4 . If a porous clay cup arranged as in Fig. 17 is surrounded with a bottle con- 
taining pure carbon dioxide, the wafer in the tube ri.>^es. If the cylinder is first 
dipped in water, however, and then surrounded by a bottle containing carbon 
dioxide, gas slowly bubbles out of the lower end of the vertical tube. Explain. 

5 . Two containers of equal volume, A and B, are connected with a short length 
of tubing which is closed with a stopcock. Describe what will happen if the stop- 
cock is opened under the following condition.-: (1) /I contain.s CO 2 at 1 atm. 
pre.s.sure and B contain.s II 2 at 1 atm, jiressurc. (2) A contains one volume of 
CO 2 ; B contains 1.5 volumes of CO 2 , but the pre.ssure in A equals that in B 
becau.se of its higher temperature. (3) A ami B each contain CO 2 at 1 atm. pres- 
sure when the stopcock is opened. The temiierature in A is then lowered 10°C. 
(4) A contains one volume of O 2 and two volumes of CO 2 ; B contains two vol- 
umes of O 2 and one volume of CO 2 . 
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Like gases and solutes, liquids exhibit diffusion phenomena. If, for 
example, water is brought into contact with another liquid such as ether, 
with which it is only slightly miscible, a slow diffusion of water molecules 
into the ether will occur. Simultaneously a slow diffusion of the molecules 
of the ether will take place into the water. Such diffusion will continue 
until the two liquids are mutually saturated. 

Osmosis. — This is by far the most familiar process involving the dif- 
fusion of liquids. An understanding of the 
dynamics of this process and of the sig- 
nificance of the physical quantity termed 
osmotic pressure is essential to an inter- 
pretation of the water relations of plant 
cells and tissues. 

Let us first consider an experiment ar- 
ranged as in Fig. 19. A sac-like membrane 
of collodion is completely filled with a 
strong sucrose solution and immersed in 
a beaker of water. The top of the sac is 
tightly plugged with a rubi)er Scopper. 

The collodion membrane is prepared so 
that it is permeable to. water, but imper- 
meable or practically so to sucrose; in 

other words it is differentmlly permeable. It is also slightly elastic. 

After a short tune the originally limp sac becomes rigidly distended. 
This IS a result of the diffusion of water through the collodion membrane 

mi o t e sac. Such a diffusion of water is an example of 
v' P^'^ssure developed as a result of the entrance of "water pre- 

iroug lout the solution and is also exerted against the inside wall 

SI 



SUCROSE 

SOLUTION 

distilled 

WATER 


Fig. 19. Apparaius for the 
demonstration of osmosis 
through a collodion membrane. 
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of the membrane. If the membrane is virtually impermeable to the solute, 
eventually the entire system will come to equilibrium, after which then' 
will be no further increase in the volume of water inside of the mem- 
brane. 

When the movement of the solvent is referred to in discussing osmosis 
it is alwavs the net movement which is meant. Solvent molecules will 

V 

always be' moving across the membrane in both directions, but, except 
when an equilibrium has been attained, more molecules will move per 
unit of time in one direction than in the oth(‘r. As will be shown in the 


later disc\ission this net movement is always from the region of the greater 
diffusion pressure of the solvent molecules to the region of their lesser 
diffusion pressure. The tnaintenance* of the dilTusion-pressure gradient of 
the liquid in most osmotic phenouK'na is made |)ossible by the relative 
imr)ermeability of the nuunbrane to tin* niolecuh's of solutc^s. If tlie mem- 
brane were permeable to the solute particles, they would diffuse outward 
across the membrane, while the molecules of the solvent were diffusing 
in the opposite direction; this would be another example of the principle 
of ind('p('ndent diffusion. 

Osmosis, the diffusion of a solvent (not a solution) across a differen- 
tially fxTiTK'able fnemTrane, may be^ regarded as a special case of diffu- 
sion. Osmosis occurs whenever two sohitions with a common solvent, in 
which the diffusion pressures of the solvent are different, are separated 
by a im'inbrane more pennc'ablc to the solvent than to the solutes. In 
living organisms water is the only important solvent which moves by 
osmosis, lienee the following discussion of this process will be in terms of 
water and ariueous solutions. 

Diffusion of the molecules or ions of a solute through a membrane is 
also a common phenomenon but occurs independently of the diffusion of 
the soh c'nt molecules, in accordance with differences in the diffusion pres- 
ume of the solute, and seldom in amounts which are proportional to the 
diffusion of the solvent. The term “osmosis'* is sometimes ai)|)lied to such 
a diffusion of a solute across a membrane; likewise it is sometimes ap- 
plied to the diffusion of a gas across a membrane. Historical consiflera- 
tions, however, give priority to osmosis as a term for the diffusion of a 
solvent across a membrane. Furthermore, certain aspects of this phe- 
nomenon arc so distinctive that it is convenient to have a distinguishing 
term for it. 

Membranes and Permeability. — The distinctive aspects of osmosis as 
compared with other diffusion processes result largely from the presence 
of the differentially permeable membrane. The concept of permeability 
is inseparable from the idea of a membrane. Permeability is a property 
of the membrane, not of the substance which diffuses through it. Thin 
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hiyci':? or !?hccts of niiinv dilliTont kinds of substunccs, snch us iul)l)cr, 
parclnnont paper, collodion, cellophane, gelatin, and coj^per ferrocyunidt , 
inav serv(* as membranes. 

Some membranes are impermeable to all, or virtually all, substances; 
others allow all or mo^t substances to diffuse through them witli little 
impediment. Many biologically important membram's are of tlie type 
known as differentialb/ penncable. Such membranes allow some sub- 
stances to pass through them much more readily than others. Tliey may 
ho, and often are. impermeable or vir- 
tually so to some substances, while 
others diffuse through them quite 

freelv. Alternative but less desirable 

% 

terms for dljjeretitially per meab le are 
semi-permeable^ and seleFtii'ely per- 
meaUlF. ' 




ether X(^/ene 



kvo ter 




chloroform 


The simplest kinds of membranes 
arc essentially molecular sieves. The 
pores of a given membrane of this 
type are such that micelles, molecules 
and ions ludow a certain size can dif- 
fuse througli them, while those exceeil- 
ing this size cannot pass througli. 

^Icmbrunes of collodion, parchment 
paper, and copper ferrocyanidc owe 
their differential permeability largely 
to their sieve-like properties. 

Some membranes arc differen- 
tially permeable because certain sub- 
stances are more soluble in them than 
others. The rubber balloon experi- 
ment described in Chap. V furnishes 
an example of such a membrane. Carbon dioxide gas is much more solu- 
ble in rubber than oxygen or nitrogen, hence a rubber membrane is much 
more permeable to carbon dioxide gas than to either of the other two. 

Another example of a membrane of this type in operation can be seen 
in an experiment set up as in Fig. 20. A thin layer of water is introduced 
on top of a layer ol chloroform in a test tube, the tube nearly filled with 
ether, and stoppered. A second tube is prepared in the same way except 
tliat xylene is substituted for the ether. After several davs it will be ob- 
served that the level of the water layer in the first tube has risen, while 
in the second tube it has fallen, although the distance through which the 
layer moves is not as great in the second tube. In the first tube ether is 


Fk;. 20. Experimental arraiiire- 
ment for demonstrating the differ- 
ential permeability of a water mem- 
brane. 
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osmosing through the water meinbrane more rapidly than the chloroform; 
hence the volume of liquid below the membrane is increasing and the 

t I rises. In the second tube chloroform osmoses through the 
water membrane more rapidly than the xylene; hence the water layer 
falls in the tube. Much less chloroform osmoses in a given time through 
the water layer in the second tube than does ether in the first tube. Of 
these three compounds, ether is the most soluble in water, chloroform 
next most soluble, and xylene least soluble. Permeability of the water 
membrane to these three compounds is clearly correlated with their sol- 
ubility in water. 

Diffusion Pressure of Liquids. — Like a gas, water or any other liquid may 
be considered to possess a diffusiimH:>ressu^ (Haldane, 1918), although 
the existence of such a physical quantity in liquids becomes apj^arent 
only under certain conditions as, for example, when a solvent and a solu- 
tion arc separated by a different ially pc rnieable_jae_mbr.ane. Diffusion 
pressure is the cause of diffiTsion, not its result. Just as gases have a 
pressure, whether or not any diffusion is occurring, so do liquids and 
solutes have a diffusion prassurc, whether or not any diffusion is occurring. 

The only two factors which influence the diffusion pressure of pure 
water are ju’e^re and temperature. If pressure is imposed on water, as 
by a piston in a closed system, or by the confining effects of the walls of 
a closed osmometer or plant cell when the volume of the enclosed water 
is expanding as a result of osmosis, the diffusion pressure of the confined 
water increases l)y the amount of tlie imposed i)rcssure. If the imposed 
pressure is 8 atm., for example, the diffusion pressure of the water in- 
creases by 8 atm. Corresfiondingly, if water is subjected to a “negative 
pressure (tension), its diffusion pressure decreases by the amount of 
the negative pressure. The effect of tlic imposed pressure on the diffusion 
pressure of the liquid is quantitatively the same whether the liquid is 
pure, or whether solutes are present. 

Although the diffusion pressure of a liquid is also theoretically affected 
by temperature, it is usually not necessary to consider this effect in 
evaluating the mechanism of the diffusion of water in plants (Chap. 

vni). 

In an aqueous solution, however, the diffusion pressure of the water is 
influenced by still another factor, the proportion of solute particles (ions 
plus molecules) to solvent molecules. The greater this proportion, the less 
the diffusion pressure of the water. Within a wide range of concentra- 
tions (see later) of the solute molecules or ions, the diminution in diffu- 
sion pressure is closely proportional to the ratio of solute particles to 
solvent molecules. 

Ideally all diffusion phenomena, including osmosis, should be inter- 



OSMOTIC PRESSURE 


85 


preted on the basis of differences in diffusion pressures. Diffusion phe- 
nomena in gases can be readily analyzed in this way because gas pressures 
can usually be ascertained. The exact magnitudes of the diffusion pres- 
sures of liquids, on the other hand, cannot 
readily be measured. Hence use of this physi- 
cal concept in the quantitative interpretation 
of the diffusion of liquids is not feasible. It is 
usually possible, however, to measure quanti- 
tatively the amount by which the diffusion 
pressure of the water in a given solution is 
less than that of pure water at the same tem- 
perature and under atmospheric pressure. This 
quantity is called the diffusion-pressure deficit 
or pressure deficit (Meyer, 1945) and can be 
used in the interpretation of osmosis and other 
diffusion phenomena in which water molecules 
participate, even if we do not know the exact 
magnitude of the diffusion pressure of water. 

In this indirect manner it is possible to use the 
concept of diffusion pressure in the analysis 
of diffusion phenomena in liquids. 

Osmotic Pressure. — This term was originally 
employed to designate the maximum pressure 
which develops in a solution enclosed within 
an osmometer under certain ideal conditions. 

An osmometer is an apparatus for measuring 
the magnitiuTe of osmoti c pressures. If a ma- 
nometer or ])ressure gau^ were inserted 
through the stopper of an apparatus set up as 
in Fig. 19, the arrangement would serve as a 
crude osmometer. iMost precise measurements 
of osmotic pressures (Pfeffer, 1877; Morse, 

1914; Berkeley and Hartley, 1916; Frazer] 

1931) have been made with osmometers con- 
structed of cylindrically-shaped porous clay 
cups (Fig. 21) in the pores of which have been 
I)recipitated differentially permeable mem- 
branes of cupric ferrocyanide. The pressure 
developed is ineasur^H'iiTEIPa sensitive mer- 



Fig. 21. Pfeffer’s osmom- 
eter (shown in sectional 
view) with attached closed 
manometer for measuring 
the pressure developed. 
The lower part of the os- 
mometer is a porous clay 
cup in the walls of which 
have been precipitated a 
differentially permeable 
membrane of copper ferro- 
cyanide. 


cury manometer or in other ways. The neces- 
sary ideal conditions, only attained under rigorous experimental condi- 
tions, are that the membrane be permeable only to the solvent, that it be 
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immersefi in tlic j)urc solvent, and that the i)ressure equilibrium be at- 
tained without any apiu'oeiable dilution of the enclosed solution. The 
temperature of the experimental setup must also be controlled and re- 
corded, as the osmotic pressure of a solution is in jmrt a function of its 
temperature. 

The term ‘'osmotic pressure” can be more usefully oinjiloyed as an 
index of certain properties of a solution, rather than as a designation for 
an actual ])ressure which is attained only und('r certain seldom realized 
conditions. In jiart such a usage is a derivative one from the original 
usage described in the preceding ]‘)aragraph. For example, a molal solu- 
tion of sucrose standing in a l>eaker may bo designated as having an 
osmotic pressure of 27 atm.^ at 25°C. Obviously this solution is not ex- 
erting an actual pressure of 27 atm., and this statement merely implies 
that it has certain pro])ertics and potentialities whicli will become ap- 
parent under j>articular circumstances. Such a statement regarding a 
solution is analogous to the statement that an idle electric motor has a 
rating of Vi horsej^ower; both statements are indices of potc'ntial rather 
than existing capacities. 

Used thus as an index, the osmotic pressure characterizes the solution 
in two ways. In the first place, it tells us that the maximum jiossible 
pressure which could be developed in that solution if it were permitted 
to come to Cfiuilibrium with pure wat(U’ in an osmotic system at 25°C. 
is 27 atm. The osmotic i)ressure is thus a rating of the potential maximum 
pressure which can be (h'velojic'd in the solution as a result of osmosis. In 
the second jdace, osmotic pressure is an index of the diffusion-pressure 
deficit of the water in a solution insofar as this 7'esidts from the presence 
of solutes. Commonly used synonyms for osmotic pressure in this index 
sense are osmotic concentration, osmotic value, osmotic potential, and 
osmotic power. 

Turgor Pressure. — Turgor pressure is the actual pressure which develops 
in a closed osmometer or plant cell as a result of osmosis or imbibition 
(see later). Use of the term “osmotic pressure” in this sense should be 
avoided as it only leads to confusion. A given solution has a unique 
osmotic pressure at a given temperature, but its turgor pressure is vari- 
able. Ordinarily the turgor pressure of a solution lies in the langc be- 
tween zero and its osmotic pressure, but under certain conditions it may 
exceed the osmotic pressure, and under certain other conditions it may 
be negative in value (Chap. VIII). The turgor pressure prevailing within 
a solution is also exerted against the confining walls of the system. 

Osmotic prtssurca are usually exprcs.'^cd in atmo.spheres. A better pressure unit i.s 
the bar which represents a pressure of 1.000,000 dynes per square cent imeter— one 
atmosphere equals 1.013 bars, or 1,013 millihars. 
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Quantitative Aspects of Osmosis. — Let us supjtose tliat a solution wiili 
an osmotic pressure of 20 atm. completely fills an essentially inelastic 
membrane which is permeable only to water and i> arran^Ml like that 
shown in Fig. 19. Let us further suppose this membrane to be immersed 
in pure water, whicli has, of course, a zi*ro osmotic jnessuia'. lL»th the 
solution within, and the water without, the membrane are initially uikUm’ 
atmospheric pressure only, the eflect of which (e(]uivalent to a turgor 
pressure of 1 atm.) is conventionally disregarded when all parts of the 
system are under atmospheric i)ressure. From the previous discussion it 
should be clear that the diffusiini-pressure deficit of the wati'r in tlu‘ en- 
closed solution is 20 atm.; that of the water outride of the sac, zero. 
Water, therefore, osmoses across the membrane into the solution. Tlie 
(altering water engenders a gradually increasing turgor jii-essure through- 
out tlie solution in the sac. Subjection of the water in this solution to 
such a jiressure raises its diffusion iiressure and hence lowers its difl'usion- 
pressiire deficit. An e(juivalcnt increase takes place in the diffusion pres- 
sure of the solutes jiresent. A dynamic eciuilibrium will be attained when 
liie turgor pressure of tlie internal solution reaches 20 atm. At this 
jioint the 20 atm. diffusion-pressure deficit which would otherwise result 
from the presence of solutes is offset by the 20 atm. turgor pressure and the 
diffusion-jiressure deficit of the water in the solution is zero, which is the 
same as that of the pure water outside the membrane. When the diffu- 
sion-pressure deficit of the water on both sides of tlie membrane Ix'comes 
((|ual, osmosis ceases, and the number of water moU'cules mo\'ing thi’ough 
tlie nuanbrane in the inward direction will be the same as the number 
moving in the outward direction per unit of time. Since tlie membrane is 
assumed to be inelastic or nearly so, osmosis of only a very small amount 
of water into the solution is necessary to raise its turgor pressure to 20 
atm. Since there is virtually no dilution of the solution, its final osmotic 

jiressure, for all practical purposes, is the same as its initiarosmotic 
jircssure. 

In Ining organisms water usually osmoses across a membrane from 
one solution to another, rather than fiom jHire water into a solution. Let 
us consider, therefore, an analogous situation, exactly like that described 
above, except that the water on the outside of the membrane is replace.! 
\\ith a solution of 12 atm, osmotic luossure. Initially, before any turgor 
pressure develops, the diflusion-pressure deficit of the internal solution 
in us sjst.m is 20 atm.; that of the external solution, 12 atm. Water 
lerci oie osmoses across the membrane into the solution within the sac. 
s 1 C turgor pressure of the internal solution increases, the diffusion- 
pressure deficit of the water in that solution decreases. When a turgor 
pressure of 8 atm. has been attained, the diffusion-pressure deficit will 
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have decreased to 12 atm. which is the same as that of the external solu- 
tion. Dynamic equilibrium is thus attained in this particular system when 
the turgor pressure prevailing in the internal solution reaches 8 atm. 

In the foregoing discussion an inelastic membrane has been assumed. 
Many membranes, however, especially in living organisms, are elastic 
within limits. When the membrane is appreciably elastic, the further com- 
plication of shifts in the osmotic pressure of the internal solution during 
osmosis is introduced. Let us assume an osmotic system identical with 
that described in the preceding paragraph, except that the membrane is 
elastic enough to permit a 25 per cent increase in the volume of the in- 
ternal solution before a dynamic equilibrium is attained. As the internal 
solution increases in volume it becomes more dilute, f.e., less concen- 
trated. The osmotic pressure of a solution decreases with a diminution 
in its concentration (see later). If we assume a proportionate decrease 
in osmotic pressure with decrease in concentration, which would be strictly 
true only in certain kinds of solutions (see later), the final osmotic pres- 
sure in the internal solution would be 16 atm. (20 : X r= 125 : 100). 
A turgor pressure of only 4 atm. would be required under these condi- 
tions to bring the water in the internal solution into dynamic equilibrium 
with that in the external solution which has an osmotic pressure of 12 
atm. In such a system the turgor pressure of the internal solution is in- 
creasing while its osmotic pressure is decreasing. The only difference in 
end result when the membrane is elastic is that the turgor pressure and 
osmotic pressure at dynamic equilibrium are somewhat less than they 
would be otherwise. If the volume of the external solution is large rela- 
tive to that of the internal solution, variations in the osmotic pressure 
of the former are usually negligible. 

It should be evident from the foregoing discussion that the diffusion- 
pressure deficit of the water in a solution is always equal to the osmotic 
pressure of the solution less the turgor pressure which prevails in it. This 
relation can be conveniently expressed in the simple equation: 

D. P. D. O. P. — T. P. 

As applied to the initial diffusion-pressure deficits in the second example 
given above these equations would work out as follows: 

External solution: D. P. D. = 12 — 0 = 12 atm. 

Internal solution: D. P. D. = 20 — 0 =: 20 atm. 

At dynamic equilibrium the diffusion-pressure deficit of this same ex- 
ternal solution is unchanged; that of the same interna! solution is then 
calculated as follows: 
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D. P. D. = 20 — 8 — 12 atrn. 

'Factors Influencing the Osmotic Pressure of Solutions.— 1. Concentra- 
tion.— Increase in the concentration of a solution invariably results in 
an increase in its osmotic pressure. If the solute, a non-electrolyte and 
Its molecules do not acquire water of hydration ( .ee later), osmotic pres- 
sure is almost strictly proportional to molal concentration, i.e., to the 
proportion of solute to solvent molecules. The theoretical osmotic pres- 
^re of a one molal solution of such a solute is 22.4 atm. at 0°C (van’t 
Hoff, 1887). For various reasons, some of which are discussed later 
experimentally determined values of osmotic pressures for many, but 
not all, substances deviate considerably from such theoretical values. 

yl and methyl alcohol may be mentioned as examples of solutes for 
which the experimentally determined values of osmotic pressure agree 
almost exactly with the theoretical values. For one-molal solutions the 

osmotic pressures for these two compounds arc 22.51 and 22.88 atm 
respectively (Jones, 1907). ’ 

for^IhP^^'l^^ ^ recognized as numerically the same as that 

ditions f occupied by one mol of a gas at standard con- 

d tions (0 C 1 atm. pressure). If this gas be compressed to a volume 

of one liter, it will exert a pressure of 22.4 atm. (Boyle’s Law). In other 
words, the gas pressure of one mol of a gas confined in a volume of one 
iter and the osmotic pressure of a solution in which one mol of an un- 
hydrated, nondissociated solute is dissolved in 1000 g of water at 0°C 
arc .heorct. 0 . ,y equal i„ value. This i, „„e of the sev™ .„ ‘|ogies 

Sr I°887 ““ !»' St 

In solutions in which the solute is dissociated or hydrated or both in 
t^se m osmotic pressure is not proportionate with increase’ in molalitv 

regardless orkind Tn particles, 

gamiess of kind, m proportion to the number of solvent particles in a 

z ;?:rer“thr’ tr ” 

Srs ziz S' sr:„s„r r.'tT„„ iz 

molal .olulion of Nac! is 42 7 atm'”-T“r'l r "'f ' 

• 7 atm. rtliich indicates that a condition of 
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maximum ionic mobility is closely approached in such a solution. Solu- 
tions of all electrolytes have higher osmotic pressures than equiraolal 
solutions of non-electrolytes. Because of interionic attractions, however, 
every individual ion in a solution of an electrolyte does not exert its 
full effect on the osmotic pressure of the solution. Only in electrolytes 
of the NaCl or KCl type does the osmotic pressure, as a rule, even 
closely approach the value to be expected if every ion is exerting its full 
effect on this physical quantity. 

3. Hydration of the Solute Molecules . — We have previously seen 
(Chap. Ill) that the micelles of all hydrophilic sols are highly hydrated. 
In a somewhat similar fashion water molecules adliere to many kinds 
of solute molecules and ions. Water thus associated with the particles 
of a solute is called water of hydration. Different sf>ecies of molecules 
and ions have different numbers of water molecules associated with 
them. Water molecules which are bound to solute particles as water of 
hydration arc no longer effective as part of the solvent. In effect a solu- 
tion containing hydrated solute particles is more concentrated than its 
molality would indicate, and its osmotic pressure is coriesi)ondingly 
higher. A one molal solution of sucrose, for example, lias an osmotic 
pressure of 24.83 atm. at O^C. (Table 8) instead of the theoretical value 
of 22.4 atm. The higher than theoretical value for the osmotic pressure 
of a sucrose solution is believed to result from hydration of the sucrose 
molecules. One sucrose molecule binds six molecules of water of hydra- 
tion. Hence one mol of sucro.sc binds six mols of water. One thousand 
grams of water is eciuivaient to 55.5 mols of water (1000/18). Since tiie 
water of hydration is not free to act as a solvent, in effect the solution 
consists of 1 mol of sucrose dissolved in 49.5 mols of water. A simple 
calculation (22.4 x 55.5/49.5) yields the value 25.12 atm. as the theo- 
retical osmotic [)ressure of a one molal solution of sucrose if hydration 


TABLE 8 THE REI.ATK).\ BETWEEN TEMPERATURE AND THE OSMOTIC PRESSURE OF 

A ONE MOl.At. .SOl.UriON OF .SUCROSE (DATA OF MORSE, I9I4) 


Temperature 


o 

10 

20 

30 

40 

50 

60 


I 


70. . . 
80. . . 


Osmotic pressure 
atmosphcre.s 

24.83 

25.69 
26.64 
27.22 

27.70 
28.21 
28.37 

28.62 

28.82 


THE MEASUREMENT OF OSMOTIC PRESSURES 9I 

of the niolmiles is taken into account, a value very close to the one 
obtained ex|')enmentally. 

4 . Temperature^ shown in Table 8 the osmotic pressure of a solu- 
tion increases with increase in temperature. For an ideal solution osmotic 
prcssuie IS proportional to the absolute temperature, another respect in 
which Its behavior parallels that of gas pressure (recall the ''Law of 
Ui>4u,.ssac ). For a sucrose solution this relation does not hold rigi.llv 

the vllu^'in Ser"'"’’ '' "" """" ^"--1 on 

The Measurement of Osmotic Pressures.-The osmotic ,,re.ssure of a 

method ’ Pr " 11 " <'^0 direct mnnometric 

11 ^ 1 . Precise results can be obtained by this method ohlV^mc 

numi° techniciue and infinite precautions. Hence the actual 

ler of measurements of osmotic jircssurcs which ha'.-e been made 
)> this direct method are limited. As is well known there is a diivct 

proportionality between the osmotic pressure, lowering of the v^oor 

ir -I *!::r 

t: 7 , - » 

be calculated as follows: pressure (O.P.) may 


O.P. : 22.4 = A : 1.80 
1.86 O.P. = 22.4A 

O.P. 

1.86 

<bP. = 12.04A= 

For example, a solution for which tl.o . 

Sion is 0.930 would have an osmof ‘‘'"“'"‘'‘I freezing point depres- 

0.930). Tl,i, 7“' »' " “ aim. (12.04 X 

'■anec of ooncontr.,(ions mnee ilcvialiri 

pressures of ^solutions are j ^ theoretical osmotic 

“A .slightly more amnate for f almost strictly jiroportional 

The tablp.s of Harris and Coring OQu'^msf h“ derived by Lewis (1908). 

"sef.il for eonvrriing freezing point depressTons^W equation, are very 

1 sions into osmotic pressures. 
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deviations from their theoretical Ireezing-point depression values. This 
method is often called the cryoscojxic method of determining osmotic 
pressures. The osmotic pressures as determined by this method are as at 
the freezing point temperature of the solution. 

Electro-osmosis. — Under certain conditions pure water will diffuse from 
one side of a membrane to the other under the influence of a difference 
of electrical potential, a process which is called electro-osmosis. When 
water is confined in a capillary glass tube, adsorption of OH- (or 
HCO3-) ions imparts a negative charge to the walls of the tube. Ad- 
joining them is a layer of H+ ions equal in number to the adsorbed 
anions. In other words, ions become distributed as an electrical double 
layer just as they do around a colloidal particle (Fig. 22). 



Ito. 22. Diagram to illustrate electro-osmosis. 


If a difference of electrical potential is present between the two ends 
of the tube, water will travel toward the negative electrode. The anions 
arc firmly adsorbed by the walls of the tube and cannot move. The hy- 
drogen ions, however, are free to move and migrate toward the cathode 
carrying the water, of which they are a part, along with them. In other 
words, the moving cations in the water glide past the stationary anions 
which adhere to the walls of the tube. Since many membranes are essen- 
tially porous in structure, conditions similar to those just described may 
exist in each capillary of the membrane, and electro-osmosis may occur 
through such membranes in essentially the same way that it occurs 
through tubes of small bore. Since differences of electrical potential are 
frequently present in living organisms it seems entirely probable that 
electro-osmotic flow of water occurs in living tissues. 
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DISCUSSION QUESTIONS 


1. A closed sac-like membrane, completely filled by a solution with an osmotic 

pressure of 27 atm., is immersed in a solution with an osmotic pressure of 16 

atm. Assume the membrane to be permeable to water only and that volume 

changes in the sac are negligible, i.e., that the membrane is essentially inelastic 

What will the diffusion-pressure deficit of the internal solution be at equilibrium? 

The osmotic pressure? The turgor pressure? Answer the same questions for an 

external solution with an osmotic pressure of 22 atm. One with an osmotic pres- 
sure of 30 atm. 


2 . The freezing point depression of a plant sap is found to be 3 72°C What is 
its osmotic pressure at 25‘*C.? 

3 . The two ams of an open U-tube are separated by a membrane permeable 

only to water. A solution with an osmotic pressure of 15 atm. is placed in arm 

A, one with an osmotic pressure of 20 atm. in arm B. Which way will water 
move f Explain, 

4 If the solution in arm B (question 3) is subjected to a pressure of 10 atm., 
m which direction will water move? If a pressure of 5 atm. is used? 3 atm f If 
the solution m each arm is subjected to a pressure of 8 atm ? 

a voCe"of"s^'' 3 ''‘^ (turgorless) condition the vacuole of a given plant cell has 
a volume of 8000[x and an osmotic pressure of 18 atm. If in its fully turgid con- 

pressure? (AssLe Llution 
ciation ) igi e and that there is no appreciable change in disso- 

concentrabon^n/fl no hydration, what is the molal 

at O^C ? ^ solution which exhibits an osmotic pressure of 22.4 atm. 
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7. A closed elastic membrane filled with a 0.5 volume molar solution of sucrose 
is immersed in a beaker of water. After a time its volume is found to have 
doublofl. Assuming that the membrane is permeable to water only, what will 
then be the osmotic pressure of the solution inside the membrane? 

8. A closed, virtually inelastic membrane, ])ermeabie to water and glucose but 
not to sucrose, is comjiletely filled with a sucrose solution of 6 atm. osmotic 
Iiressnre and is immersed in a glucose solution of 0 atm. osmotic pressure. The 
\()lume of the solution inside the membrane is one-half that in the surrounding 
vessel. Disregarding solution volume effects, what will lie the osmotic pressure, 
turgor pressure, and diffusion-pressure deficit of the solution inside the membrane 
at cfiuilibrium? 
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If a handful of pea or bean seeds he dropped into water, within a few 
hours they will have swollen visibly. Seeds of any other species in which 
the coats arc not impermeable to water behave in like fashion when 
brought into contact with water. Many other materials will swell in a 
similar way when immersed in water. Among these arc starch, cellulose, 
agar, gelatin, and kelp stipe. Some substances will swell similarly when 
immersed in other liquids. All of these phenomena are examples of the 
process called imbibition. The amount of water which may enter sub- 
stances in imbibition is often very great in proportion to the dry weight 
of the substance which swells. A piece of dried kelp stipe, for example, 
can absorb as much as fifteen times its own weight of water. 

Water may be imbibed as a vapor as well as in the liquid state. The 
swelling of doors and woodwork during damp weather is a familiar ex- 
ample of this phenomenon. Plant structures, if sufficiently low in water 
content, also imbibe water-vapor. The water content of “air-dry” seeds, 
for example, generally fluctuates with the vapor pressure of the atmos- 
phere, rising with an increase in vapor pressure, and vice versa (Barton 
1941 ). 

The Dynamics of Imbibition. — Imbibition is usually considered to be 
basically a diffusion process, but capillary phenomena are probably also 
involved. Imbibing substances are often permeated with minute sub- 
microscopic capillaries, and it is impossible to determine how much of 
the liquid enters by diffusion and how much by capillary movement 
through invisible pores. Fundamentally, however, the cause of imbibition 
may be regarded as a difference in the diffusion pressure between the 
liquid in the external medium and the liquid in the “imbibant.” As long 
as the latter is less than the former, movement of water into the imbibing 
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substance will continue. An equilibrium will be reached, as in diffusion 
or osmotic phenomena, only when the diffusion pressure of the water in 
the two parts of the system has attained the same value. 

A substance which imbibes water does not necessarily imbibe other 
liquids. Dry kelp stipe, for example, swells enormously when immersed 
in water, but does not swell when immersed in ether or other organic 
liquids. Contrariwise, a piece of rubber does not imbibe water, but does 
imbibe appreciable amounts of ether and other organic compounds when 
in contact with them in either the liquid or the vapor state. Obviously a 
difference in diffusion pressures between the liquid in an imbibant and 
in its surrounding medium is not the only requisite for the occurrence 
of imbibition. Certain specific attractive forces between the molecules of 
the imbibant and the imbibed liquid must also be present. In default of 
such specific attractions imbibition fails to occur, even if all other nec- 
essary conditions for the process are fulfilled. 

Since in living organisms water is the only liquid imbibed, the further 
discussion will disregard other types of imbibitional phenomena. The 
physical relationship between the imbibed water and the imbibant is un- 
doubtedly a comi^lcx one. The bulk of the imbibed water in any system 
is probably adsorbed on the molecules or micelles which constitute the 
structural units of the imbibing material. The possible relations of ad- 
sorbed water to the adsorbing particles in colloidal systems have already 
been considered (Chap. III). There is good reason for believing that 
similar physical relations exist between the imbibed water and unit 
particles in an imbibant. Such water may be pictured as either actually 
in solution in the adsorbing particles, or as adsorbed as a “shell” of from 
one to many molecular layers in thickness on their surface. It is possible 
that either or both of these conditions obtain in many systems contain- 
ing imbibed water, but the second of these pictures appears to be more 
likely. It is also probable that a portion of the imbibed water enters and 
occupies minute submicroscopic capillaries which ramify among the com- 
ponent molecules or micelles of the imbibant. The result of imbibition is 
often the formation of a system which in its essential properties may be 
regarded as a gel. The physical status of the water in a system into which 
it has been imbibed and in an elastic gel is undoubtedly very similar. 
In fact, the imbibition of a dispersion medium by a dry substance is 
generally regarded as a method of gel formation. 

Volume Changes in Imbibition. — The volume of the imbibant always 
increases during imbibition. The final volume of the entire system (liquid 
-f- imbibant) is always less, however, than the sum of the initial volumes 
of the liquid and the imbibing substance. In other words, a contraction 
in the volume of the system, liquid -f imbibant, occurs during the 
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process of imbibition. This volume shrinkage is not principally a result 
of the occupancy of minute spaces within the substance of the imbibing 
material by the liquid, as might be surmised, although in some systems 
a part of the contraction in volume possibly may be accounted for in 
this way. The explanation is undoubtedly to be ascribed to the fact that 
the adsorbed water molecules are definitely oriented in relation to the 
adsorbing surfaces, and hence occupy less space than when in the free 
state. This is equivalent to a compression of the adsorbed water so that 
its density is greater than that of free water. 

Energy Relations of Imbibition. — The process of imbibition always re- 
sults in the release of heat. Liberation of heat during imbibition may be 
easily detected by allowing dry starch or some other material with a 
high imbibitional capacity to imbibe water while contained in a calorim- 
eter, and noting the change in temperature (Table 9). 


TABLE 9 HEAT OF IMBIBITION OF DRY STARCH (dATA OF RODEWALD, I897) 


Per cent water 
imbibed 

1 Heat evolved, 

1 g.-cal. per g. 
starch 

0.23 

28.11 

^■39 

22 . 60 

6.27 1 

15-17 

11.65 

8-43 

15.68 

5.21 

19.52 

2.91 


The adsorption of water molecules which occurs when they are im- 
bibed results in a loss of a large part of their kinetic energy, which re- 
appears in the system as heat energy. The essential energy change in the 
process of imbibition is a loss of kinetic energy by the adsorbed mole- 
cules, and its transference to the other molecules of the system. Their 
increased kinetic activity is the cause of the observed rise in tempera- 
ture. As shown in Table 9, the greatest evolution of heat accompanies 
the initial stages of imbibition. This is to be expected, as a larger pro- 
portion of the first molecules of water imbibed would be firmly adsorbed 
than of those whicli enter the imbibant later. 

The Effect of Temperature on Imbibition.— As shown in Fig. 23, the 
rate of imbibition increases with rise in temperature. 

Osmotic Effects on Imbibition.— Water moves by imbibition into a sub- 
stance only when its diffusion pressure exceeds the diffusion pressure of 
the water in the imbibant. The introduction of a solute into water in- 
varia y as the effect, as already discussed, of reducing the diffusion 
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pressure of the water in the resulting: solution as compared with pure 
water. The osmotic pressure of a solution is a measure of its diffusion- 
pressure deficit, insofar as it results from the presence of solutes. Hence 
the magnitude of tiie osmotic pressure influences both the rate of im- 
bibition and the equilii)rium water content of an imbibant. 

Shull (1916) used the seeds of cocklebur (Xanthmm pennsylvanicum) 
as the imbibant in a comprehensive study of osmotic effects on imbibi- 


tion. Samples of seeds of this 


si>ecies were allowed to come to equilibrium 



seeds. Data of Shull (1920). 


with solutions of sodium chloride and lithium chloride of different os- 
motic pressures, after which the amount of water which had been imbibed 
vas determined (Table 10). The coats of these seeds are permeable to 
water, but virtually impermeable to these solutes. 

The general principle shown by the results of these experiments is 
that, with increase in the osmotic prcs.sure of the solution in which the 
seeds are immersed, the amount of water held by imbibition per unit of 
dry eight at the equilibrium point decreases. Since at equilibrium the 
diffusion pressures of the water in the imbibing substance and in the sur- 
lounding liquid must be equal, the basis for this osmotic effect upon im- 
bibition is evident. If the diffusion pressure in the solution is relatively 
low (high osmotic pressure), the diffusion of less water into the imbibing 
substance is necessary to raise the diffusion pressure of the water in it 
to a value equal to the diffusion pressure of the water in the circum- 
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aml)ient liquid than if the diffusion pressure in the surrounding liquid is 
liigh. The relation between the osmotic pressure and the amount of water 
iml)il)ed is not, however, a strictly proportional one. At the lower end 
of the range of concentrations employed, an increase of a few atmos- 
pheres in osmotic pressure causes a decrease in the amount of water 
imbibed, in terms of the air dry weight of the seeds, of nearly 15 per 
cent. Near the upper end of this range of concentrations an increase in 
osmotic pressure of several hundred atmospheres is required for an 
equivalent change in the volume of water iml)il)e(l. This is further evi- 


TABLE lO- IMBIBITION OF WATER BV COCKLEBUR SEEDS IMMERSED IN SOLUTIONS OF 

DIFFERENT OSMOTIC PRESSURES (dATA OF SHULL, I916) 


Volume molar concen- 
tration of solutions 

Osmotic pressure of 
solutions, atmos. 

1 

Water imbibed by 
seeds at equilibrium 
(48 hours). Per cent 
of air dry weight 

H3O 

0.0 

51.58 

0. 1 M NaCl 

3-8 

46.33 

0.2 

7-6 

45-51 

0-3 

II. 4 

42.05 

0.4 

15.2 

40.27 

0-5 

19.0 

38.98 

0.6 

22.8 

35>8 

0-7 

26.6 

32-85 

0.8 

304 

31.12 

0.9 

34 -i 

29.79 

1 .0 i 

38.0 

26.73 

2.0 

72.0 

18.55 

4.0 

130.0 

11.76 

Sat. NaCl 

375-0 

6-35 

Sat. LiCi 

965.0 

—0.29 


dence that the first increments of water passing into any imhibant are 

held by tremendously greater forces than those which are imbibed sub- 
sequently. 

Imbibition Pressure.-Pressures, sometimes of an enormous magnitude, 
are often exer ed by a swelling imbibant if it is confined in some man- 
ner Blocks of rock, for example, have been successfully quarried by 
< ri mg boles along the desired cleavage planes, driving tight-fitting 
v^oode^ s akes mto the holes, and pouring water on the staLs. The pres- 
sure dp-eloped upon imbibition of the water by the wood is sufficient to 
Split the rock. 

I imbibition pressure” is best employed, however, not as a 

vigna ion or t e actual preesures which develop during imbibition, 
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but with a meaning analogous to that of “osmotic pressure,” as an index 
of certain properties of the imbibant. Used in this sense imbibition pres- 
sure is an index of (1) the potential maximum pressure which can 
develop in an imbibant as a result of imbibition, and (2) the diffusion- 
pressure deficit of the water in an imbibant as long as its free expansion 
is not impeded in any way. In a solution, the greater amount of water 
present in proportion to a given amount of solute, the less the osmotic 
pressure. Likewise, in an imbibant, the greater the amount of water 
present in proportion to a given amount of imbibing substance, the less 
the imbibition pressure. Air-rlry pea seeds, for example, have a greater 
imbibition pressure than half-swollen pea seeds; pea seeds which have 
reached a condition of maximum swelling have an imbibition pressure 
of zero. 

The actual pressures which develop as a result of imbibition, like those 
which develop as a result of osmosis, can logically be termed turgor pres- 
sures. No turgor pressure develops in an unconfined imbibant any more 
than it does in an unconfinod solution. Only when complete swelling is 
prevented, as by enclosure within an inelastic wall, does a turgor pres- 
sure develop within an imbibant. 

Quantitative Aspects of Imbibition. — The diffusion-pressure deficit of 
the water in an imbibant is equal to the imbibition pressure less the 
turgor pressure just as in an osmotic system, the diffusion-pressure deficit 
of the water is equal to the osmotic f)ressure less the turgor pressure. 
This relation is expressed in the following ('(juation: 

O. P. D. ^ I. p. - T. P. 

Since no turgor pressure develops in an unconfined imbibant. for such 
systems this equation simi)lifics to: 

D. P. D. = I. P. 

If an imbibant with an imbibition pressure of 100 atm. is immersed 
in pure water, the initial diffusion-pressure deficit of the water in the 
imbibant is 100 atm.; when equilibrium has been attained, the imbibition 
pressure and diffusion-pressure deficit of the water in the imbibant have 
both become zero. If such an imbibant is immersed in a solution with an 
osmotic pressure of 20 atm., when equilibrium has been attained both 
the imbibition pressure and the diffusion-pressure deficit of the water in 
the imbibant will be 20 atm. In unconfined imbibants equilibrium of the 
diffusion-pressure deficits of the water in them with the water in outside 
solutions occurs solely by adjustments in imbibition pressures. 

If an imbibant with an initial imbibition pressure of 100 atm. is en- 
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closed in an inelastic, water permeable wall, and immersed in pure water 
the diffusion-pressure deficit of the water in the imbibant at equilibrium 
will be zero, not because of a decrease in imbibition pressure but because 
of the development of a turgor pressure of 100 atm. If a solution of 20 
atm. osmotic pressure is substituted for the pure water outside of the 
imbibing system, then the diffusion-pressure deficit of the water in the 
imbibant at equilibrium will be 20 atm., again not because of a decrease 
in imbibition pressure, but because of the development of a turgor pres- 
sure of 80 atm. 

Measurement of Imbibition Pressures.— The magnitudes of imbibition 
pressures have been measured in two different ways. One method has 
been to counterbalance the pressure developed during imbibition by means 
of a mechanical pressure. Such a method was used by Rcinke as long ago 
as 1879. He stacked disks of dried fronds of Laminaria (a sea weed) in a 
hollow metal cylinder, and inserted above the disks a metal piston bear- 
ing a platform at its upper end. Water was then brought into contact 
with the dry disks. By placing on the platform weights of just sufficient 
mass to prevent swelling of the kelp, the magnitude of the pressure de- 
veloped was measured. By this procedure there is measured, in effect, the 
magnitude of the turgor pressure which is equal to the imbibition 
pressure, f.e., which keeps the diffusion-pressure deficit of the water in 
the imbibant at zero and thus prevents any movement of water into 
the imbibant. 

Imbibition pressure can also be measured by an osmotic method. The 
necessary procedure is to find a solution in which the diffusion-pressure 
deficit (osmotic pressure) is just great enough to prevent any movement 
of water into the imbibant. The osmotic pressure of such a solution is 
equal to the imbibition pressure of the imbibant. This method, in effect, 
results in -the determination of the diffusion-pressure deficit of the water 
in the imbibant under such conditions that it is equal to the imbibition 
pressure, f.e., when there is no turgor pressure. 

Imbibition pressures of air-dry seeds may be as high as approximatelv 
1000 atm. (Table 10). 
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DISCUSSION QUESTIONS 

1. If an imbibant with an .inhibition pressure of 100 atm. is immersed in a 
solution with an osmotic pressure of ,3.0 atm., in which direction will water move? 

At equilibrium what will be the imbibition pre.ssure of the imbibant? Diffusion- 
pressure deficit? Turgor pressure? 

2. An imbibant with an imbibition pre.s.sure of 20 atm. is enclo.sed within and 

completely fills an inelastic membrane which is iiermeable onl}’ to water. If this 

system is immer.sed in a solution with an o.'^motic pressure of 12 atm., what will 

be The imbibition pressure of the imbibant at equilibrium? Diffu.sion-pressure 
deficit? Turgor pres.^ure? 

3. Cncti and some other desert succulent species retain largo quantities of 

water within their tissues even under conditions of prolonged and severe drought. 

It has been suggested that such plants possess this capacity because of the imbi- 

bitional capacity of hydrophilic colloids within the cells. How would you test this 
hypothesis? 

4. One surface of a block of 2 per cent agar gel is exposed to the atmosphere. 
How would the rate of evaporation of water from the gel compare with that 
from a tree water surface of equal area under the same conditions during the 
first hour? After 48 hours Explain. 

5. If a piece of dry kelp stipe is fastened to the base of a hydrometer which is 

^en immer.-^ed in a vessel of water, the hydrometer sinks as the kelp swells, 
Explain. 
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THE WATER RELATIONS 
OF PLANT CELLS / 


The Membranes of Plant Cells.— The membranes of plant cells are mueli 

I . _ 1 nonliving mem- 

branes previously discussed in Chap. \l. \\\th very few exceptions the 

a more or less rigid wall 
which acts as a membrane. Through this wall, which usually consists of 

several layers, each vith a complex organization of its own, must pass 
all substances moving either into or out of a cell. In addition to the strue- 
ure of the wall itself, the role of the plasmodesms must be considered 
in accounting for the movement of subsUiTt^ from one cell to another 
ining the cell wall of all mature plant cells is a layer of cytoplasm The 
cytoplasm, or parts thereof, constitutes a second layer through which 
substances entering or leaving the vacuole of a cell must penetrate Both 
theoretical considerations and experimentally observed facts support the 
view that the two limiting l&yers of cytoplasm possess different physio- 
chemical properties from the intervening cytoplasm and may be regarded 
as distinct membranes. The cytoplasmic membrane adjacent to Bie cell 
wall IS called the plasmalemma; that enclosing the vacuole the tonovJnof 
.r .acuolar^ra^. ,,, boundaries bctween ^Ie :;io;L3':, 
the cell wall and the cytoplasm and the vacuole constitute interf ' 
certain protopl^^ ingredients probably become adsorbed t h ' ei ^^’ 

sr :ir r i 

different properties fr„„ the interior 

hypothesis "^e^lmmisc bTf investigations support this 

nypothesis. The immiscibility of protoplasm with water, already dis- 
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cussed, appears to result at least partly from the fact that protoplasm is 
coated with a layer of material which is insoluhlc in water. By means of 
micropipettes certain nontoxic dyes can be injected into the body of the 
cytoplasm through which they will spread rapidly. They do not, however, 
pass through either the plasmalemma or the tonoplast. Neither will they 
pass into the interior of the cytoplasm from a solution bathing the cell, 
nor from the vacuole if the latter is injected with the dye {Plowe, 1931). 
This is direct evidence that the constitution of the plasmalemma and the 
tonoplast is different from that of the intervening cytoplasm. The pres- 
ence of cytoplasmic membranes can also be demonstrated by the manip- 
ulation of living protoplasm with fin(‘ glass needles (Chambers and Ilofler, 
1931). Tt has !)e(‘n found possible to withdraw a j)]asmolyzed protoplast 

(see later) from its cell wall and 
to strip off the protoplasm from 
the vacuole leaving the latter as a 
free-floating sac full of cell sap 
enclosed bv a delicate membrane 
— the tonoplast (Fig. 24). Most 
evidence inrlicates that the tono- 
plast and probably also the plas- 
malemma are thin liquid films 
which are immi scible with water. 

A complete picture of the permeability of a cell to different compounds 
can be drawn only in terms of the permcal)ility of both the cell wall and 
the cytoplasmic membranes. In entering a cell a substance 'must first 
pass through the various layers of the cell wall, thence in turn through 
the plasmalemma, the interior cytoplasm, and the tonoplast before reach- 
ing the vacuole. Although some investigators jirefer to refer all perme- 
ability phenomena of plant cells to the cytoplasm as a whole, the evidence 
that the plasmalemma and the tonoplast exist as distinct membranes 
with the property of differential permeabil^ must be regarded as very 

substantial. 

Permeability of Cell Membranes. — In general, cell walls composed of 
cellulose and p ectic compounds , such as those in most parenchymatous 
tissues, are quite permeable to water and solutes. Water and solutes 
probably penetrate sucITw^lls through the hydrophilic i ntermicellar m a- 
terial. Lignified walls are also quite permeable to water and solutes, bUt 
cell walls in which suberin or cutin are present in appreciable quantities, 
on the other hand, are less permeable both to water and solutes. 

In contrast with the walls of most parenchymatous cells, the cyto- 
plasmic membranes exhibit a high degree of differential permeability. 



Fio. 24. hcnioval of the outer evto- 
plasm from the tonoplast and vacuole of 
a plasmoiyzed cell. Redrawn from Sei- 

friz (1028). 
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The term “cytoplasmic membranes'' is here employed in a loose sense tn 
refer to the entire cytoplasmic system of membranes: pj ^malemma plus 
interior_ cytoplasm plus tonoplast. Actually many substances entering 
plant cells are intercepted an(M.itilized in one way or another in the 
cytoplasm, and do not diffuse in apprecial)le quantities througii the tono- 


plast. Similarly compounds synthesized in the cytoiilasm may i)ass out 
of the cell without crossing; the tonoplast. Hence the ])lasmalemma is 
often regarded as the most imi^ortant unit in the cytoi^lasmic system of 
membranes. It should be realized, however, tliat substances can move 
from one cell to another, through the plasmodesms, without crossing the 
plasmalemma. 

Very few general statements can be made regarding the i^ermeability 
of the cytoplasmic membranes to specific substances which will hold for 
all or even most plant cells. One such statement which can be made is 
that the c ytop lasm is usually r elatively permeable to water. This is 
also true for certain other small molecules, such as ammo nia. Perme- 
ability of the cytoplasmic membranes to most solutes of physiological 
importance such as s ugars, electrolytes, anvl a mino aci ds, on the other 
hand, appears to be very variable. Studies of many kinds of cells, for 
example, indicate that their cytoplasmic membranes are relatively im- 
permeable to sucrose and other sugars (Bontc, 1934). Thc'slowness with 
which many kinds of plant cells recover from plasmolysis (see later) in 
sugar solutions, is also evidence of the restive Impermeability of the 
cytoplasm to such compounds. Nevertheless there is much indirect evi- 
dence that sugars often move into and out of many kinds of cells at 
relatively rapid rates. Similarly, although many permeability studies 
indicate the cytopla.^^mic membranes to be relativel y impermeable to 
electrolytes, they often penetrate relatively rapidly into pTant ceIls~Vhen 
in an actively metabolizing condition (Chap.' XXIV) . The probable ex- 
planation of these apparent discrepancies is that most studies of perme- 
ability KSve -been made upon mature cells which have lost most or all of 
their capacity for rapid absorption of electrolytes and sugars. 

The permeability of the cytoplasmic membranes to specific substances 
is therefore not a fixed property, but one which differs from one kind of 


cell to another and varies in the same cell with the age of the cell, the 
environmental conditions to which it is subjected, and other factors. Fur- 
thermore, there are many indications that the cytoplasm is not merely 
a passive membrane like a sheet of collodion, but that it, at times at 
least, participates actively in the movement of molecules and ions into 
or out of cells, or from one part of a cell to another. 

P losmoj ysjs.— If a vacuolate plant cell which is at least partially dis- 
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tended is immersed in a hypertonic* solution of some substance to which 
the membranes are relatively impermeable, a characteristic series of 
changes takes place in tlie appearance of that cell. The first detectable 
occurrence is a gradual shrinkage in the volume of the entire cell as a 
result of outv^ osnmsis. Consequently there is a reduction in the pres- 
sure exerted by the cell sap against the p rotopla sm and cell wall. This 
s rmkage m volume can be detected in many cells by measurement un- 
der a imcroscopc, altliough there are some types of plant cells in which 
httle change m volume occurs under such conditions. There is a lower 
hmit to the elasticity of the cell wall, however, and when this is attained 
no further decrea.se m the volume of the cell will occur. Since the cell 


Fig. 25. 



Sovonl conimon 




types of plasmolysis (diagrammatic). 


wa IS quite reely J2£rmeable_tp the water and the solutes of th e sur- 
oun ing so ution, and hence the hypertonic solution fs in conTact with 

surface of the protoplast, the cell sap will continue to lose 
water by outward osmosis, just as if no cell wall were present. Hence the 
protoplasm will continue to shrink in volume after the contraction of 
e ce wa as ceased. At this stage, therefore, the protoplasmic layer 
vyll begin to recede from the cell wall. If the hypertonic solution is 
strong enough, this separation of the protoplasm from the cell wall will 
become very pronounced. In some types of cells the protopla.^m will “ball 
up into a more or less spherical mass within the cell. More often the 


is one with a hieher osmn+i ^ ^ ^ypertonic soluti on 

isotonic sohitinn' if vC — r eference solution . Similarly an 

tion while a hu-nnf ^ osmotic pressure equal to that of the reference solu- 

tion, while a hypotonic solution is one of lesser osmotic pressure. 
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shrunken protoplasm assumes other configurations as shown in Fig. 25. 
This phenomenon is called pla.^molysis. The ])attcrn followed hy tlie 
slirinkage of the protoplasm in" plasinoT\’sis is more or less typical for 
each kind of coll, although it may he modified somewhat depending upon 
f)hysiochemical conditions within the protoplasm and the kind of solute 
used in the plasmolyzing solution. The space between the cell wall and 
the protoplasm will he filled, after the separation of the latter from the 
wall, with the external solution. 

If a plasmolyzed cell is immersed in water, it will slowly recover anfl 
regain a turgid state as a result of osmol^ic^novement of water into the 
vacuole. SmilTarly, if immersed in a solution hypotonic to the cell, sap 
recovery will also ensue, hut the degree of turgidity attained will be less 
than if the cell were immersed in pure water. Rapid “deplasmolysis,” 
however, results in the death of many kinds of plant cells (Tljin, 1934). 

Methods of Determining the Osmotic Pressures of Plant Cells and Tis- 
sues. — The plasmolytic method and the cryosopic method are in common 
use for determining the osmotic pressure of plant cells and tissues. Both 
methods have many limitations and neither is as accurate as might he 
desired. 

DeVries (1884) was the first to use the plasmolytic method which in 
principle is very simple. A series of solutions (usually of sucrose), graded 
according to volume molar concentration, is first prepared. The range 
of concentrations to he used depends ujion the tissue to he studied. Com- 
parable strips or sections of the tissue are then immersed in each solu- 
tion and left until an osmotic equilibrium is attained. After immersion 
in the solution the ineces of tissue are observed under a microscope. In 
the stronger solutions it will be found that all of the cells are severely 
plasmolyzed, while in the weaker ones little or no sign of plasmolysi's 
can be detected. Somewhere in the series will be found a solution in 
which about one-half of the cells are not plasmolyzed, and about one-half 
are more or less plasmolyzed. The average osmotic pressure in the cells 
of the tissue under investigation is considered to be equal to the osmotic 
pressure of the solution in which this condition obtains. 

The value obtained hy the procedure just outlined is called the osmotic 

pressvre at wcipient plasmolysfs. This value is often greater than the 

usual osmotic pressure of the cells since plasmolysis of many kinds of 

cells IS preceded hy a shrinkage in their total volume. A cell which has 

an osmotic pressure of 15 atm. at incipient plasmolysis might have had 

an osmotic pressure of (for example) 12 or 13 atm. in its naturally dis- 
tended state. 

Certain more precise methods of determining the osmotic pressure of 
cci s jy 1 1 C plasmolytic method, which take into consideration their 
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volumo changes, have also been devised. If incipient plasmolysis is de- 
tennincd to occur for cells of a certain tissue in a sucrose solution with 
a volume molar concentration of M., then the volume molar concentra- 
tion, M, of sucrose equivalent to that of the cell sap at its original vol- 

u shrinkage due to plasmolysis) is related to M, by 
the following equation; 


M = 


M.Vj 

V 


n vhich T and T , repre.sent the volume of the cell in its original condi- 

lon, and at incipient plasmolysis, respectively. Having determined A/„ 

the corresponding molarity for the cell sap of the “normal” cell can he 
readily raleulatod. 

The practical difficulty of all such methods is in measuring accurately 
tlie volume changes which occur in cells during plasmolvsis. The usual 
practice IS to mea.sure the change in the length (sometimes also in the 
l.rcadth) and to assume that such mca.surements arc ,.roportional to the 
change in 'ol'nne of the cell. For some tyjics of cells this a.ssumption is 
piohahly valifl, but with others it may result in serious errors 

Forinmly solutions of a number of different compoun.ls, including cer- 
tain ecctrolytes, were ii.sed in plasmolytic determinations, but at the 
present time sucrose solutions are almost universally employed. Thev 
arc preferred becau.se: (1) sucrose is apparently nontoxic to the proto- 
P asm, y ^ floes not penet?SfF Into many plant cells at a very appreci- 
able rate (Hoflcr, 1926), (3) it apparently has little or no influence on 
membrane permeability, and (4) the exact osmotic pressures of different 

no ar concentrations of sucrose are known with greater accuracy than 
for most other solutions. 

The principle of the cryoscopic method for determining osmotic pres- 
sures as a, rear y been described in Chap. VI. Briefly, as usually applied 
to p ants, the method consists in expressing the juice from a sample of 
plant tissue and determining its freezing-point depression with a suitable 
thermometer or a thermocouple system (Chap. XI). The o.smotic pres- 
sure can then be calculated from the freezing-point depression by the 
usual equation. 

It has been found to be impossible to obtain homogeneous samples of 

sap from plant tissues unless they are first treated in such a way as to 

kill the cells. Consequently the tissue is usually first subjected to freez- 

mg, ea mg, grinding, or exposure to toxic vapors before the sap is ex- 
pressed. 

Doubtless the expression under high pressure of the sap from tissues 

*A Haidenhain or Beckmann thermometer is generally used. 
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which have previously been subjected to such treatments has a modifying 
effect upon the properties of the expressed sap of most tissues as com- 
pared with the original cell sap. Furthermore the sap obtained repre- 
sents a mixture of contributions from all of the cells — living and dead 
— in the tissues. At the best, determinations of osmotic pressure made on 
such saps can represent no more than an average of the osmotic pressures 
of all the cells in the tissue. In spite of the possibility of a considerable 
modification in the properties of the sap inherent in this method, there 
is probably a consistent correlation between values obtained in this way 
and the mean osmotic pressure of the cell sap of the cells in a tissue. 

Magnitude of the Osmotic Pressures in Plant Cells. — In many discus- 
sions of the osmotic pressure of plant cells no distinction is made between 
the “osmotic pressure of the cells at incipient plasmolysis” and their 
osmotic pressure under more or less turgld^conditions. When the term 
osmotic pressure is employed without qualification it can be assumed to 
refer to the osmetic pressure of cells in their usual distended condition. 
It is generally considered that the results of determinations by the cryo- 
scopic method represent approximately the osmotic pressure of the cells 
in this condition. 

Different organs or tissues of the same plant may exhibit a wide range 
of osmotic pressures. Even similar organs on the same plant — leaves, for 
example — may vary considerably among themselves in the average os- 
motic pressure of their cells. Furthermore the tissues within the same 
organ usually show a considerai)le variation in osmotic pressures. The 

mesophyll cells of most leaves, for example, show higher values than 
the epidermal cells. 

In general, the osmotic ju-essures of the plant cells and tissues*'* of the 
mesic species of North America vary in their extreme range from a frac- 
tion of an atmosphere to about 50 atm. Most of the values lie, of course, 
within a narrower part of this range, probably within the limits of a 4 
to 30 atm. span of values. The osmotic pressure of a given plant cell or 
tissue is by no means a fixed quantity, but often fluctuates considerably. 
More or less regular daily or seasonal variations occur in the osmotic 
pressures of many kinds of plant cells or tissues (Chap. XV). 

Factors Influencing the Osmotic Pressures of Plant Cells.— Any factoi 
which influences either the water content of a plant cell or the solute con- 
tent of Its cell sap will have an effect on the magnitude of the osmotic 
pressure of that plant cell. The water content of the plant as a whole, 
and hence of its constituent cells, is controlled principally by the rela- 


peiimps be emphasized that the term “osmotic pressure of a tissue” cau 

nne ^ SGUse of the average osmotic pressure of the cells com- 

po.sing that tissue. 
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tivc rates of transpiration and the absorption of water (Chap. XV). The 
latter process is influenced very markedly by the water content and 
other conditions prevailing in the soil. Individuals of the same siiecies 
invariably have a higher o.sinotic pre.ssure when growing under drought 
condition.s than when provided with a favorable water supply (Table 11, 
Iig. 72). This i.s at least partially a result of the relatively lower wat 
content of the leaves which obtains when the available soil water supply 
becomes low. Other factors which are also probably involved are a de- 
crea.sc in the growth rate of the plant which often permits an accumula- 
tion of mineral salts and soluble foods, and a shift of the starch soluble 

carbohydrates cfiuilibrium toward the side of the .soluble carbohydrates 
(Chap. XX ) . 


TABLF. I I — THE EFFECTS OF DIFFERENT SOU. WATER CONTENTS UPON THE OSMOTIC PRESSURl 

OF MAIZE PLANTS (DATA OF HIBBARD AND HARRINGTON, I916) 


Water content of 
soil. Per cent dry 
weight 

Osmotic pressure 
of tops 

Osmotic pressure 
of roots 

1 

3* per cent 

16 

14 

>3 

] 1 

22. 06 atmos. 
23.08 

24- 36 

25.04 

25- 47 

26.48 

591 atmos. 

7 23 

7 79 

9.24 

>*34 

1 1 98 


The solute content of the cell sap is controlled by the specific mctal)oiic 
processes of the f)lant and by tlie absor[)tion of mineral salts by the plant 
rom its environment. The rate of photosjuithesis is an imf)ortant factor 
in etermining the osmotic pressure of plant cells, particularly those of 
ea tissues. The influence of the inherent metabolic processes of any 
species upon the kinds and concentrations of various types of soluble 
organic compounds produced, such as simt)le carbohydrates, organic acids, 
an amino acids has an important effect on the magnitude of the osmotic 
pressure in any species. Aletabolic conditions and their effects upon os- 
motic pressures may also be altered by environmental conditions. A well- 
novvn example of this is the difference in the osmotic pressures of sun 
anc s ade leaves on the same plant. The fonner almost invariably has 

the higher o.smotic pressure, presumably at least in part as a result of 
their greater photosynthetic activity. 

The mineral salts which contribute to the osmotic pressures of plant 
cells are all absorbed from the .'-oil or in aquatic species from the water 
m which part or all of the plant is immersed. Different species of plants 
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vary greatly in their tcleration of high concentrations of nhneral salts 
in the soil. All species can become adjusted, within limits, to a change 
in the mineral-salt content of the substratum. This adjustment take.« 
the form of an increase in the osmotic pressure of the plant with an in- 
crease in the osmotic pressure of the medium from which it obtains its 
mineral salts (Table 12). 

Other tissues of plants also show an increase in osmotic pressure with 
increase in the osmotic pressure of the soil solution, but such increases 
are generally most pronounced in the roots. 

Species indigenous to saline soils usu^aTIy have relatively high osmotic 
pressures. Such soils are rich in soluble salts, and the high osmotic pres- 
sures found in species native to such soils result from the absorption of 
relatively large quantities of mineral salts. In fact, the highest recorded 
osmotic pressure for any species of plant — 2^2.5 atm.— was found in 
the saltbush {Atriplex confertifolia) , a saline soil species ( Harris, 1934). 

TABLE 12 — THE EFFECT OF THE OSMOTIC PRESSURE OF THE SOIL SOLUTION UPON THE OSMOTIC 

PRESSURE OF THE ROOTS OF MAIZE (daTA OF MC COOL AND MILLAR, I 9 I 7 ) 


Osmotic pressure of 
soil solution 

1 

Osmotic pressure of sap 
from root cells 

1. 21 atm. 

4.59 atm. 

1.99 

5.48 

3 38 

6.61 

4.96 

7-51 

7.22 

8. 19 


salt marsh plants also generally have relatively high osmotic pressures 
This IS also a correlation with the relatively high salt content of the sub- 
stratum. Except in h ajoph ytes, however, a larger projiortion of the os- 
motic pressure of most kinds of plant cells results from the presence of 
organic solutes than of mineral salts. Root cells are more likely to prove 
exceptions to this last statement than cells in the aerial organs 

The Osmotic Quantities of Plant Cells.-Let us suppose three similar 

plant cells, each m a state of incipient plasmolysis (f.e., with a zero tur- 

pr pressure), and each with a cell sap osmotic pressure Vf' 10 atm to 

be immersed, the first m pure water, the second in a solution with an 

osmotic pressure of 6 atm., and the third in a solution with an osmotic 

pressure of 10 atm. (Fig. 26). The volume of the liquid in which each 

cp IS immersed is assumed to be very large in proportion to the volume 
of the cell. 

In order to simplify the discussion, certain assumptions will be made 
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regarding these cells and, unless stated to the contrary, regarding all 
other cells discussed in the remainder of this chapter. These assumptions 
are: (1) the cells are at the same temperature, (2) the cytoplasmic mem- 
branes are penneable only to water while the cell walls are permeable 
to both water and solutes, (3) the walls of all the cells are equally elas- 
tic, and (4) volume changes in the cells are so small that any resulting 
effects upon the osmotic pressure of the cell sap are negligible and can 
be disregarded. A review of the discussion of the quantitative aspects 
of osmosis in physical .systems (Chap. VI) will be helpful in following 
the en.suing closely analogous discussion with respect to cells. 


10 

ATMOS. 


WATER 


L J 



1 


[ ATMOS. 


1 a P > 9 ATUOSL 1 

V 



B 






10 



ATMOS. 


o. 






Fig. 26 . Similar cells immersed in solutions of different osmotic pressures 


Osmosis of water into cell A begins immediately upon its immersion, 
because the diffusion-iiressure deficit of the water in the cell sap is 10 
atm. and that of the surrounding water is zero. The entrance of water 
into the cell results in a gradually incnaising turgor 'pressure within the 
cell, just as it does in an osmomet(*r. This pressure not only prevails 
within the water mass, but is also exerted against the protoplasmic layer 
and, in turn, against the cell wall. The increase in turgor pressure there- 
fore results in a gradual distension of the cell. Imposition of a pressure 
of 10 atm. on the water in the cell sap will increase its diffusion pressure 
by 10 atm. Since the initial diffusion-pressure deficit of the water in the 
cell sap was 10 atm., imposition of a 10-atm. turgor pressure reduces its 
diffusion-pressure deficit to zero. This is also the diffusion-pressure defi- 
cit of the surrounding water; hence a dynamic equilibrium is attained 
when the turgor pressure in the cell sap reaches 10 atm. 

The ■djffi^sion-prcssure deficit of the water in the cell sap of cell B is 
10 atm., that of the water in the surrounding solution 6 atm. Hence there 
will be a net inward movement of water into the cell. A turgor pressure 
thus develops wdthin the cell, but at its maximum under these conditions 
it will attain a value of only 4 atm. Since the initial diffusion-pressure 
deficit of the w^ater in the cell sap was 10 atm., imposition of a turgor 
pressure of 4 atm. reduces this to 6 atm. w'hich is the diffusion -pressure 
deficit of the water in the surrounding solution. Hence the attainment 
of a turgor pressure of only 4 atm. results under these conditions in an 
osmotic equilibrium. Since the magnitude of the turgor pressure devel- 
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oped in cell B will be less than in cell A, the latter cell will be more dis- 
tended than the former. 

Cell C will remain, according to the conditions prescribed for this 
experiment, in a state of incipient plasmolysis. The diffusion-pressure 

deficit of the water in the cell sap and in the solution are equal {i.e., their 
osmotic pressure are equal and neither is under any pressure, except, 

.of course, atmospheric pressures) ; hence a dynamic equilibrium will be 
established as soon as the cell is immersed in the solution. Since there is 
no net movement of water into the cell no turgor pressure will develop, 
a condition which will obtain in all plant cells in the condition of incipi- 
ent plasmolysis. 

In cells A and B a dynamic equilibrium has been attained by an ad- 
justment of the diffusion-pressure deficit of the water in the cell sap until 
it is equal to that of the water in the surrounding liquid. This adjust- 
ment was attained in each of these cells by a shift in the magnitude of 
the turgor pressure, which is one of the two components determining the 
diffusion-pressure deficit of the water in the cell sap, the other being the 
osmotic pressure. In cell C no shift in the magnitude of the turgor pres- 
sure occurred, because the diffusion-pressure deficit was initially the 
same in the cell sap and in the solution. Unlike a solution exposed to 
the atmosphere, the diffusion-pressure deficit of a cell is not equal to its 
osmotic pressure except when the turgor pressure of the cell is zero. The 
term ^‘diffusion-pressure deficit of a cell” should be considered as an ab- 
breviation for “diffusion-pressure deficit of the water in the cell sap.” 

The interrelationships among the osmotic pressure, turgor pressure, 
diffusion-pressure deficit of a plant cell should be further clarified 
by a study of Fig. 27. This diagram also takes into account the influence 
of volume changes in the cell upon these physical quantities. In the in- 
terests of simplicity the effects of such volume changes upon the osmotic 
quantities of the cell have been disregarded in tlie discussion up to this 
point. When the cell is completely flaccid (relative volume =1.0), its 
diffusion-pressure deficit is equal to its osmotic pressure (20 atm ) while 
its turgor pressure is zero. As the volume of the cell increases, as a result 
of influx of water, the osmotic pressure decreases because of the dilution 
of the cell sap. The pattern of the change in magnitude of the turgor 
pressure with increase in cell volume is not the same in all kinds of cells, 
but often follows a trend such as that shown in Fig 27 The diffusion- 
pressure deficit, being equal to the difference between the osmotic and 
turgor pressures, shows a progressive decrease as the turgidity of the cell 
increases. When the cell attains a condition of maximum turgidity (rela- 

turgor pressure is equal to its osmotic pressure 
While Its diffusion-pressure deficit has fallen to zero. 
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the water relations of plant cells 

Tlic dotted extension of the line for turgor pressure to tlie left indicates 
that it sometimes has a negative value. Conditions under which this may 
occur are discussed shortly. The diffusion-pressure deficit of a cell in 
winch tlie turgor pressure is negative is greater than its osmotic pressure. 

In many types of cells volume changes are much less marked than 
indicated m tins figure, and hence they can often be disregarded in gen- 





don nrc^^^urTflpfi'’?'’""'’!’’'' il’’'”'!" pro.-sure, turgor i,rc.ssure, diffu- 

■ prc..urp deficit, and c<H volume of a plant cell. Based on data of Hofler 

( 1 920 ) . 

cralizcrl considerations of the water relations of plant cells. In some 

species many of the cells have walls which arc virtually inelastic. This 

ip'' tissues of xerophytes and some water plants 

(Ernest. 1934b). * 

The funrlamental interrelation between the osmotic pressure, turgor 
pressure, and diffusion-pre.ssure deficit of a plant cell is the same as for 
an osmometer and is expressed liy the same equation: 


D. P. D. = O. P. — T. P. 

The quantity to -which the name “diffusion-pressure deficit” has been 
given in this discussion has been variously termed by writers in the field 
of plant physiology fUrsprung, 1935; Meyer, 1945). The more commonly 
used synonyms for this term are “pressure deficit,” “turgor deficit,” “net 

osmotic pressure,” “suction force,” and “suction tension.’"' ’ 

The osmotic pressure, diffusion-pressure deficit, and turgor pressure 
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are collectively called the o smotic quantities of jdant cells. As previous 
discussion has shown, a full evaluation of these (piantities also requires 
a consideration of the volume changes of i)lant cells. 

In plant tissues many of the cells are under a pressure imposed upon 
them by the surrounding cells. In addition to its own turgor pressure the 
water in such a cell is also subjected to this j^ressure of external origin. 
This pressure is just as much a factor in determining the diffusion-pres- 
sure deficit of a cell as its own turgor pressure. The true <iiffusion-pressure 
deficit of such a cell is therefore less tlian that of the cell considered as 
an individual unit by the amount of this added pressure. Hence the equa- 
tion representing the factors determining the diffusion-])rcssurc deficit 
of a cell under sucli conditions becomes: 

D. P. D. = 0. P. — T. P. — Pressure exerted by surrounding cells 

The water in the v essels and cells of plants frequently passes into a 
state of tension. Imposition of a pressure from an external source raises 
the diffusion pressure of water. Imposition of a tension, which is in effect 
a negative pressure, has precisely the opposite effect. In cells and vessels 
this can happen only if the enclosed water shrinks in volume to such a 
point that the encompassing protoplasm and cell walls are pulled inward 
as a result of adhesion between the walls and water. The resulting 
counter pull exerted by the walls on the water results in throwing it into 
a state of tension. Under such conditions the turgor pressure is negative 
in value (Fig. 27), and the tension (negative pressure) developed within 
the water will be equal to the negative turgor pressure. The equation for 
the diffusion-pressure deficit of a cell under such conditions becomes: 

D. P. I). = 0. P. — (— T. P.) 

In other words, the diffusion-pressure deficit of the water in a* cell or 
vessel when subjected to a tension is equal to the osmotic pressure plus 
the tension (negative pressure) imposed on the water. 

Dynomics of the Osm oti c Movemen t of Water in Plants.— In order to 

simplify this part of the discussion, "dianges in the'osmotic pressure of 

the cell sap resulting from volume changes in the cells, as shown in Fig. 

27, will again be disregarded, as usually these are not great enough to 

modify seriously any generalized picture of the water relations of plant 
cells. 

Let us im agine a certain c ell {X) to have an osmotic pressure of 12 
atm. and a turgor pressure of 6 atm ., and a second celTT^Uto have an 
osmotic pressure of 10 atm. and a turgor pressure of 2 atm. Let us fur- 
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ther suppose that these two cells can be brought into such intimate con- 
tact that osmotic movement of water can occur from one the other 
{Fig. 28). 

The water in the cell sap of w'ould have a diffusion-pressure deficit 
of 12 atm. w'ere it unVler no pressure. The turgor pressure of 6 atm., how- 
ever, reduces the diffusion-pressure deficit of the w^ater in the cell sap 
to 6 atuL Similarly the w^ater in the vacuole of cell Z would have a dif- 
fusion-pressure deficit of 10 atm. were it not also influenced by the tur- 
goi pressure of 2 atm. Hence the diffusion-pressure deficit of cell Z is 8 
atm. The diffusion-pressure deficit of cell A’^ is therefore less than that 
of cell^. Water will, therefore, osmose from cell X to cell^Z. Water will 
continue to show a net movement from X to Z until the diffusion-pressure 

deficits of the two cells are equal. 
In the movement of water from 
cell to cell in plants, it is the 
di ffusion-pre ssure d eficit s and not 
tlie os motic jTressureg which tend 
to e quilibi^ c. This is only a spe- 

Fig. 28. Diagram of two adjacent cells aspect of the fundamental 

used in explanation of the mechanism tendency of the diffusion-pressure 
of the cell-to-cell movement of water, of water to attain a uniform value 

throughout any system. It is by 
no means impossible, therefore, for water to move from a cell of higher 
to one of low'er osmotic pressure. — 

^ has been established between two cells 

their diffusion-pressure deficits will seldom be an exact average of their 

initial diffusion-pressure deficits. The only general statement which can 

be made is that, at equilibrium, the diffusion-pressure deficits of the two 

cells will be equal, and this value will lie somewhere between the two 
original values of the cells. 

AVhenever the diffusion-pressure deficits of two adjacent cells are dis- 
similar, a difludon-^r^^ gradient exists between them. Move- 

ment of wateFTrom one cell to another can occur only when such a gra- 
dient exists. Other conditions being equal, the “steeper” this gradient, 
i.e.y the greater the difference in diffusion-pressure deficits, the more rap- 
idly one cell will gain watc^ from the other. The term “diffusion-pressure 
deficit gradient can also be applied to a chain of cells in which the dif- 
fusion-pressure deficit increases serially from cell to cell. Several examples 
of such gradients are discussed in subsequent chapters. 

The diffusion-pressure of water is influenced by temperature, although 
for small temperature differences the magnitude of this effe^is not great. 

If two adjacent plant cells w'ere to be maintained at different tempera- 
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tures, theoretically this would have an effect on the rate or direction of 
osmosis. Actually, however, under the thermal conditions ordinarily 
prevailing in plants, this effect is so slight that it can be disregards 

(Curtis, 1937). 

Methods of Measuring the Diffusion-Pressure Deficit of Plant Cells.— 

Most methods of measuring this quantity are based on the principle, 
previously discussed, that if a cell is immersed in a solution with an 
osmotic pressure equal to the diffusion-pre ssure deficit o^J t^eU, a 
d5 mamic ~e^ibrium is immedialely^esliHish^ change will occur 

in the volume of the cell because no net movement of wate r takes place. 
In solutions with a hig her osmotic pressure than the diffusion-pressure 
deficit of the cell it wilTd^ease in volumeTin solutions of lower__qsmotic 


pressure than its diffusion-pressure deficit it ^'iH i ncreasejn volume. 

The “simplified method” of measuring d iffusion-pressu re defic^, in- 
troduced'VUi^i^ni^ most widely used. In 

this method narrow strips of tissue are cut from such structures as thin 
leaves or petals. The length of each strip is immediately measured under 
^e microscope, usually while mounted in paraffin oil. Several strips are 
then immersed in each of a graded series o f s ucrose solution g in which 
they are allowed to remain until an eq^ibrium has been attained in 
each solution, after which their lengths are measured. The osmotic pres- 
sure of the solution in which no change in the length of the strips occurs 
is considered to equal the average d iffusion-pressure deficit of the cells 
in the strip. 

For the measurement of the average diffusion-pressure deficit of the 
cells in bulky tissues such as potato tubers, masses of tissue such as cylin- 
ders of approximately equal dimensions can be employed. The equilib- 
rium point can be determined by measuring changes either in the w eight 
or the v olume of the cylinder (Meyer and Wallace, 1941). The solution 
in which the cylinder neither gains nor loses weight (or volume) is con- 
sidered to have an osmotic pressure equal to the average diffusion-pres- 
sure defi ^ of th e cells in the cylinder . 

Determinations of diffusion-pressure deficits by the methods described 
above should not be confused with plasmolytic determinations of the 
osmotic pressures ^of plant cells. In the latter type of determination the 
critical measurement is the osmotic pressure of the solution with which 
the cells come to an equilibrium without any turgor pressure, i.e., at 
i ncipien t plasmolys is. In diffusion-pressure-deficit determinations the 
critical measurement is the osmotic pressure of the solution with which 
the cells come to equilibrium without any change in their turgor pres- 
sure, i.e., without any change in the volume of the cells. Only when the 
cell is initially in a completely flaccid condition will determinations of 
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its osmotic pressure and its diffusion-jiressure deficit result in the same 
values. 

All of the methods of measuring the diffusion-pressure deficits of plant 

ce Is are subject to most of the flaws which are also inherent in plasmo- 

> 1 C determinations of osmotic pressure, as well as some other serious 

errors (Ernest, 1931. 1934a). Except j.ossibly for a few types of cells 

iich are esjrecially well adapted to such measurements, it is doubtful if 

the values obtained m determinations of diffusion-pressure deficits are 

ever more than fair apiiroximations of the true values which obtain in 
Jilant cells. 

The turgor pressure of a cell cannot be determined directly. However, 

1 le osmotic jircssure of a cell or group of cells has been determined, 
anr ikewisc the diffusion-pressure deficit, the turgor pres.siire can be cal- 
cu^ted from the equations given earlier in the chapter. 

The Imbibitional Mechanism of the Movement of Water.— In the preced- 
ing discussion, j.lant cells have been considered purely as osmotic sys- 
There is no doubt that the osmotic mechani.-un of theT^to-cell 
lans ocation of water exists and operates in most if not all kinds of plant 
cells. Cer am of the movements of water which occur in jdants, how- 
ever result from Hie operation of an imbildtional rather than an osmotic 
mt'cianism. As discussed in Chap. Vll, whenever the diffu.sion-prcssiire 
e Cl o water is greatei in an imbibant than in a contiguous solution, 
water moves from the .solution into the imbibant and vice versa. 

JNot only docs water jiass into dry. mature .seeds bv imbibition as the 
first step m germination, but there is evidence that water moves by this 
process into ovules which arc rijicning into seeds in the ovulary. During 
le latter stages of the development of seeds in the cotton- boll, for ex- 

1 U£?ion-i)rosMnc defu-its exceed their osmotic pressures, 
iis indicates that an osmotic mechanism does not adecpiately account 
or le movement of water into the maturing seeds during this period 
(Kerr and Anderson, 1944 1 . Since no evidence could lie found for the 
exis cnct o a metabolically activated mechanism of water absorption 
(see later), the mo.st probable explanation of these results is that the 
diffusion-pressure deficits of maturing cotton .seeds are largely imbibi- 
lona in origin It sttms likely that inil)il)ition j)Iays a projiortionatcly 
large role in the movement of water into many other young, actively 
growing tissues. Other examples of the imliibitional absorption of w-ater 
can be seen m certain species native to .seini-.lcsert regions, such as the 
resurrection plant (Selacpnella IcjtidophjiUa) or in species such as many 
kinds of lichens which are indigenous to locally dry habitats such as 
sun-swept cliffs. Such species may ijccomc air-dry during periods of 
drought, but rapidly imlntie water and resume their physiological activi- 
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ties upon the advent of rain. At least some species of lichens readily im- 
bibe water-vapor as well as liquid water (Scofield and \arman, 1943). 

Within a plant cell the cell sap, the water in the i>rotuplasin. and the 
water in the cell wall may each be regarded as possessing a difiusion- 
pressure deficit of its own. The diffusion-pressure deficit ol tlu* cell wall 
is largely of imbibitional origin, and that of the protoplasm ]Kirtly so. 
If, for example, the difTusion-pressure deficit of the walls of a mesophy 


cell is increased as aTesult 7)T e\^i)oration during trans|>irajio nal water 
loss, water diffuses into the walls fnun the i)rotoplasm and, in turn, from 
the cell sap into the jirotoplasm as long as the dilYusion-pressure deficit 
of the wall exceeds that of the cell sap. In cells in which vacuoles are 
very small or lacking, or in which the interior of the ccll is occupit'd by 
hydrophilic colloidal substances, imbibitional phenomena undoubtedly 
play a greater proportionate role in tlio movement of water than in cells 
with prominent vacuoles. 

Possible Metabolic Mechanisms of the Movement of Water in Plan ts. — 

The osmotic and imbibitional mechanisms mav not be the onlv ones which 

^ % 

play a role in the movement of water from cell to cell in ])lants or from 
the external environment into plant celhs. A number of investigators 
have suggested that metabolic mechanisms may also be involved, it usu- 
ally being implied that the energy of respinUymi is utilized in the trans- 
port of water molecules across cell membranes. 

Much of the evidence which has been advanceil in supi>ort of such an 
hypothesis is highly indirect or otherwise unconvincing. Kelly (1947), 
however, has shown that a cK>se correlation exists between the rate (tf 
respiration and rate of water intake in tiie oat coleoptile. It has also 
been shown that certain inhibitors of respiratory enzymes retard water 
intake by potato tuber ti.ssue (Ilackett and Thimann, 1950). The dem- 
onstration tliat auxins accelerate water ahsori>tion by potato tuber and 
other tissues when immersed in pure water (Reinders, 1942; Van Over- 


heek, 1944; Kelly, 1947) has also been considered to be evidence for the 
existence of such a mechanism. Auxin s are one type of plant hormone 
(Chap. XXVIII) and are known to influence respiration rates (Com- 
moner and Thimann, 1941). Hence their effect onX^fcrlifisorption might 
be evidence that respiration pla ys a role in this process. However, Levitt 
(1948) failed to find~ar7orreration between the rates of auxin-intluced 
water absorption and respiration in potato tuber tissue, and considers 

an increased plasticity of the cell walls to be a more likely explanation 
of this phenomenon. 

Tliat correlations do exist between rates of respiration and rates of 
water movement or absorption in at least some kinds of plant tissues is 
undeniably true. Whether or not this relationship is a very direct one, 
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however, is not clear. In meristems, for example, passage of water into 
cells may be a resultant of their increased solute intake, increased fabri- 
cation of protoplasm, or expansion in cell-wall area, all processes which 
appear to be dependent upon respiration as a source of energy. The 
influence of respiration on water movement may thus be principally or 
entirely an indirect one. 

While respiration undoubtedly exerts at least indirect effects on the 
movement of w'ater in plants, there is almost no positive evidence that 
the energy of this process is utilized directly in the transport of watei 
molecules. Furthermore, according to calculations of Levitt (1947), it 
appears improbable that a metabolic mechanism of movement of water 
of any appreciable magnitude could be maintained in most kinds of 
plant cells at the expense of respiratory energy. The question of meta- 
bolically activated mechanisms of the movement of water is discussed 
further in Chap. XIV. 
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DISCUSSION QUESTIONS 

Note; In all questions on osmotic quantities of cells, unless stated to the con- 
trary, assume membranes to be permeable to water only and that the 

itv apparently causes a decrease in the permeabil- 

tionS ^ membranes to water. What are some possible explana- 

evanom^tion^nf ^f^^rsed in a dilute solution of glycerol from which 

of rivceroTrfacr " when the concentration 

of gljcerol reaches as much as 50 per cent the cells of the filament show no 
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signs of plasmolysis. Explain. If transferred to pure water the cells of the fila- 
ment swell and burst almost immediately. Explain. 

3. Why does NH4OH apparently penetrate into many plant cells more rap- 
idly than most other bases? 

4. If a NH4CI solution is injected directly into the cell sap of a plant cell it 
becomes more acid, but if the cell is immersed in the NH4CI solution the sap 
becomes more alkaline. Explain. 

5. Cell A has an osmotic pressure of 12 atm. and is immersed in a solution 
with an osmotic pressure of 6 atm. Cell B has an osmotic pressure of 10 atm. and 
is immersed in a solution with an osmotic pressure of 8 atm. Assume both cells 
are first allowed to come to equilibrium with the solution in which each is im- 
mersed, the volume of which is assumed to be large, and that they are then re- 
moved and brought into intimate contact. Which direction will water move? Why? 

6. A cell with an osmotic pressure of 12 atm. manifests three-fourths of its 
maximum turgidity. What is the diffusion-pressure deficit of the cell? 

7. A flaccid cell with an osmotic pressure of 16 atm. is immersed in a solution 
\vith an osmotic pressure of 5 atm. and increases 25 per cent in volume in coming 
to equilibrium with this solution. Assuming the osmotic pressure to vary pro- 
portionately with the concentration of the cell sap, what will be the osmotic pres- 
sure of the cell at equilibrium? Diffusion-pressure deficit? Turgor pressure? 

8 . Cells A, B, and C, having osmotic pressures of 6, 8, and 3 atm. respectively, 
constitute a chain of three cells in the order named. A part of the lowest cell, C, 
dips into a solution with an osmotic pressure of 2 atm. None of the other cells 
is in contact with the solution, which is large in volume in comparison with the 
cells. Evaporation from the cells is prevented. What will be the osmotic pressure, 
diffusion-pressure deficit, and turgor pressure of each cell at equilibrium? 

9. Suppose that evaporation is occurring from the surface of cell A (question 
8). How would your answer to the question differ? 

^ 10. If all three of the cells (question 8) were completely immersed in the solu- 
tion, what would be the diffusion-pressure deficit, osmotic pressure, and turgor 
pressure of each cell at equilibrium? 

11. If a small block of plant tissue, such as that from a potato tuber, be im- 
mersed in a solution with an osmotic pressure of 8 atm., what will be the diffu- 
sion-pressure deficit of the cells in the tissue after a dynamic equilibrium has 
been established? Would there be any exceptions? 

12. A chain of cells, each of which has an osmotic pressure of 8 atm., is ar- 
ranged so that one terminal cell dips in a solution with an osmotic pressure of 
3 atm., and the other in a solution with an osmotic pressure of 6 atm. The vol- 
ume of these solutions is very large in comparison with the size of the cells. 
Evaporation is prevented. Will any movement of water occur? Explain. 

13. What effect will a change of starch to sugar in a cell have upon its diffusion- 
pressure deficit? An increase in the permeability of the cell membranes to sol- 
utes? To water? 

14. A cell has an osmotic pressure of 15 atm. and water evaporates from it 
until the cell walls are pulled inward enough that the enclosed water is subjected 
to a tension of 12 atm. What is then the diffusion-pressure deficit, osmotic pres- 
sure, and turgor pressure of the cell? 

15. Pollen grains of cotton and many other species germinate readily upon the 
stigma, but burst rapidly if floated upon water or a dilute sugar solution. Ex- 
plain. 
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THE LOSS OF WATER FROM PLANTS 


It is commonplace knowledge that all plants require water for their 
existence and development and that most plants require it in considerable 
quantities. It is not so generally recognized, however, that in most species 
of plants an overwhelmingly large proiiortion of the water absorbed 
from the soil is lost by the plant into the atmosphere and takes no per- 
manent part in its develoinnent or in its metabolic processes. The lack 
•of this general realization probably results from the fact that, while 
water is supplied to and absorbed by plants in its familiar liquid form, 

by far the greater part of that lost escapes in the invisible form of water- 
vapor. 

The loss of water-vapor from living plants is known as transpiration. 
Loss of water-vapor may take place from any part of a plant which is 
exposed to the air. This applies even to roots in contact with the soil 
atmosphere. Generally speaking, however, the leaves are the principal 
organs of trans]uration. Most of the transiiiration from leaves occurs 
through the stomates; this is termed stomatal transpiration Smaller 
amounts of water-vapor are lost from leaves by direct evaporation from 
he epidermal cells through the cuticle; this is called cuticidar transmra- 
io«. All aerial parts of plants lose some water by transpiration, although 

s:;;™; t “ such orgaL is :^;:y i:::. 

Ho.j of the transpn-ation from herbaceous stems, flower parts, and fmits 

frui s and fl" Iierbaceous stems, 

f nuts, and flower parts bear stomates which permit the occurrence of 

1.1^0 throur'u 'T*' water-vapor also takes 

tentindartranspiratZ 

The Mechanics of Foliar Transpiration.-The subsequent discussion will 
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(leal almost entirely with transpiration from leaves, since, in most plants, 
the amount of water-vapor lost from other organs is comparatively small. 
The mechanics of foliar transpiration can be adequately discussed only 
in reference to the anatomy of the leaves from which it occurs (Figs. 
29. 30, 311. It should be recalled that the vacuoles of all of the living 
cells of a leaf are filled with water, wJiich also saturates the protoplasm 
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Cross section of ;i iK>iiion of a leaf of tulip tree (Linodendron tulipi 

jrra). 


and the cell walls, this water being supplied to the leaf cells through the 
water conducting tissues of the vascular bundles. Hence evaporation of 
water will occur from these wet cell walls into the internal atmosphere of 
the intercellular s|)aces just as it will occur from any wet surface into the 
surrounding air. The intercellular spaces constitute a connected system, 
ramifying throughout the leaf. Under certain unusual conditions the in- 
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Fig. 30. Cross section of a leaf of white pine {Pinus strobus) 
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tercellular spaces can become injected with liquid water but undc'r all 
normal conditions they are occupied by air. 

If the stomates arc closed the only effect of evaporation from the 
mesophyll cell walls 'will be the saturation of the entire volume of the 
intercellular spaces with water-vapor. When the stomates are open, how- 
ever, diffusion of water-vapor may occur through tluan into the outside 
atmosphere. Such outward diffusion will always take place unless tlu 
atmosphere has a vapor pressure equal to, or greater tlian, that of the 
intercellular spaces, a condition which does not commonly exist during 
the daylight hours. The rate of such diffusion will depend principally upon 
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Fic. 31. Longitudinal section through a small portion of a leaf of white pine 

{Pinus strobns). 

* 

the excess of the vapor pressure in the leaf over that of the atmosphere, 

although the “diffusive capacity” of the stomates (Chap. X) is also an 

important factor. The process of stomatal transpiration therefore involves 

evaporation from the cell wall surfaces bounding the intercellular spaces 

and the diffusion of this water-vapor from the intercellular spaces into 
the atmosphere through the stomates. 

One side of every epidermal cell on a leaf is also exposed to the atmos- 
phere. Evaporation of water occurs into the atmosphere directly from 
these cell surfaces. The surfaces of practically all aerial leaves are covered 
with a layer of wax-like substance known as cutin (Fig. 32). This is not 
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readily permeable to water and hence reduces transpiration directly 
through the walls of the epidermal cells to a magnitude much less than it 
would be, were there no such layer present. The thickness of the cutin 
layer varies with the species of the plant and the environmental condi- 
tions under which the leaves have developed. The layer of cutin is usually 

thicker on leaves which have de- 
veloped in bright sunlight, for 
example, than on leaves of the 
same species which have devel- 
oped in shade. Even in leaves 
which are heavily coated with 
cutin, some cuticular transpira- 
tion occurs, possibly largely 
through tiny rifts in the cutin 
layer. In most species of plants 
of the temperate zone less than 10 per cent of the foliar transpiration 
occurs through the cuticle, the remainder being stomatal transpiration. 

Evaporation. — The fact that transpiration may be regarded as essen- 
tially a modified form of the process of evaporation makes desirable a 
fuller consideration of the dynamics of this process. When an open pan 
of water is exposed to the atmosphere, the level of the water in the pan 
slowly drops. Evidently water molecules are being slowly lost into the 
atmosphere. All of the molecules in a mass of water are not traveling 
with the same velocity, although for any given temperature the average 
speed of all of the molecules in the liquid mass is a constant. Some of the 
molecules in the liquid water attain sufficient momentum to overcome 
entirely the attractive forces holding them in the liquid, and escape into 
the surrounding atmosphere in the form of vapor. The swiftest molecules 
present are most likely to be able to overcome the attraction of the other 
water molecules, therefore they are the most likely to be lost from the 
liquid. During evaporation any body of water is thus slowly being de- 
pleted of its more rapidly moving molecules. The residual water becomes 
progressively richer in relatively sluggish molecules; in other words, it 
becomes cooler. This cooling effect is more or less completely offset, how- 
ever, by physical transfer of heat into the water from its surroundings 
as soon as its temperature drops below that of the environment. The 
proportion of “high-speed” molecules in the molecular population of 
the pan of water is thus maintained at close to its original value, and 
the rate of evaporation continues with very little diminution. 

In the preceding paragraph we have focused our attention only on the 
water molecules which escape from the liquid. Water-vapor molecules are 
also returning to the liquid from the atmosphere during the process of 
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Fifi. 32. Cutin layer on the upper epi 
dermis of a leaf of Clivia nobilis. 
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evaporation. If a water-vapor molecule in the atmosphere above the evap- 
orating surface, particularly one of the more sluggish ones, strikes the 
surface of the water at the proper angle and with not too great a velocity, 
it will be held there by the attractive forces exerted by the liquid water 
moleeules, and again become part of the liquid water. “High-speed” 
molecules, on the other hand, are much less likely to be captured by the 
attractive forces exerted by the molecules at the surface of the body of 
liquid. They impinge upon the bounding film of the licpiid with such 
velocity that, unless they hit that surface at right angles or nearly so, 
they usually glance off along a new pathway. 

This picture of the kinetics of the evaporation process holds for any 
evaporating surface whether it be the exposed surface of a body of water, 
a moist piece of cloth, paper, or porous clay, or the mesophyll cell walls 
of a leaf. Ordinarily the term evaporation is used to refer only to condi- 
tions in which the rate of escape of molecules exceeds their rate of return, 
and its use will be restricted to this sense in this discussion. 


If the air above the water surface is confined, as, for example, when a 
dish of water is covered by a bell jar, the number of water-vapor mole- 
cules in the confined space will gradually increase as a result of evapora- 
tion from the surface of the water. Since their movement is a random 


one the water-vapor molecules will be continually colliding with walls of 
the container, each other, the molecules of other gases present in the air 
and surface of the liquid water. Some of those which strike the surface 
of the liquid will be held there by intermolecular attractive forces. As 
the concentration of water-vapor molecules in the air increases, the num- 
ber which plunge back into the water in any unit interval of time in- 
creases. Eventually a dynamic equilibrium will be attained at which the 
number of molecules leaving the surface and the number returning to it 
in a unit time will be equal. At this point the air will be saturated with 
water-vapor and evaporation will no longer be occurring 

The water-vapor molecules exert a definite pressure against the walls 
of the container and the surface of the water. This is known as vavor 
pressure. In the illustration given in the preceding paragraph, the vapor 
pressure of the water increases progressively until the saturation point is 
reached. The vapor pressure of water under the conditions of such a dy- 
namic equilibrium may conveniently be termed the saturation vapor 

f ^ expressed in terms of 

fnr ° saturation vapor pressure of water at 20°C., 

water temperature the 

^ by a column 

is inH saturation vapor pressure of any liquid 

IS independent of the area of the evaporating surface, but increases ^dth 
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increase in temperature (Table 15). In physics and chemistry the satura- 
tion vapor pressure is usually referred to simply as “vapor pressure/^ but 
in biological work it is necessary to distinguish between two different 
senses in which this latter term is used (Chap. XI). 

Botanists are often interested in measuring the rate of evaporation 
under a given set of conditions in connection with studies of transpira- 
tion and of plant distribution. Many measure- 



ments of evaporation rates have been made 
with instruments called atrnomefers (Fig. 33). 
Tliesc consist essentially of surfaces of porous 
clay moulded in the fonn of hollow cylinders 
or spheres. AVater evaporates from such sur- 
faces in essentially tlic same way that it evap- 
orates from a free surface of water. Atmom- 
eters are attached to a reservoir of water as 
shown in the figure, and are usually provided 
with mercury valves which prevent absorption 
of rain. The loss of water from such instru- 
ments can be determined either by measuring 
the decrease in volume of water or the loss 
of weight of the instrument. Details of atmo- 
metric technique are discussed by Livingston 

(1935). 

Measurement of Transpiration. — Four gen- 
eral methods are in use for measuring tran- 
spiration, but only the first two of these as 
listed can be used for quantitative determina- 
tions of the rate of loss of water-vapor from 
plants which are rooted in the soil. 

1. Method of Weighing Potted Plants . — 
This method can be employed only with plants 


Fig. 33. Arrangement for which arc rooted in pots or other suitable con- 
the measurement of evapo- tainers. For laboratory experiments potted 
ration rates by means of arc often used, the pot generally being 

clay hollow sphere, (B) enclosed m a metal shell, and the soil surface 
mercury valve, (C) reser- sealed off so that evaporational water loss can 

voir. occur only through the plant. For field or 

large-scale experiments, metal receptacles 
have been found convenient, in which case it is only necessary to seal 
off or cover the soil surface in such a way as to prevent evaporation. The 
method is limited in practical application to plants which can be grown 
in readily portable containers. The transpiration rates of plants as large 


voir. 



MEASUREMENT OF TRANSPIRATION 


129 


as mature maize plants and 5-foot coffee trees have been measured by 
this method. 

The loss of weight of the container and plants for a given time interval 
may be considered to represent transpiration as the effect of other factors 
on the weight of the setup is usually negligible. If the experiment is to be 
continued for more than a relatively short period it is necessary to pro- 
vide the container with a watering tube through which known volumes of 
water can be introduced into and distributed throughout the enclosed 
soil at appropriate intervals. 

In employing this method the rece|)tacle in which the plants are grow- 
in|^ may be weighed at selected intervals by manual maniimlation or may 
be placed on a balance which is arranged so that each loss of a definite 
inorement of weight (for example. 1 g. ) is automatically registered on a 
recording device (Transeau, 1911. Briggs and Shantz. 1915. Schratz, 1932. 
Nutman, 1941, and others). 

2. Method of Collectwg and Weujlting Transpired Water-Vapor. This 

m.cthod requires a rather elaborate experimental setup, but is the only 
way in which the rate of transpiration can be determined cjuantitativelv 
for plants rooted in out-of-door habitats. A stream of atmospheric aiV 
is passed through a glass or cellophane chamber containing the plant or 
portion of a plant, or through “leaf cups” (Ileinicke and Hoffman, 1933} 
attached to the stomat(‘-bearing side of a leaf. The air stream is then 
conducted through tubes or ves>els containing a water absorbent such as 
calcium chloride. The gain in weight of these absori)tion tubes during the 
experiment represents the water-vapor transpired by the jdant jilus the 
water-vapor wliich was introduced into the system from the outside at- 
mosphere. In order to determine the proportion of the water-vapor which 
comes from the atmosphere it is necessary to set up a check apparatus 
containing no plant, and to pass air through it at the same rate that it is 
circulated through the s(*tup containing the plant. The gain in weight of 
the watcr-abs(,rpfion tubes in the second apparatus represents water- 

l>een used by Minckler 

(1936) for .neasvmng transiuration from attached brandies of trees and 

^ '■ T" transpiration rate of 

attaclicd leaves on apple trees. 

3. Potometer Method.s.~0( a limited usefulness for the measure.nent 
of transp.rat.onal water loss are mstruments known as potometers tTc 
severed base of a leafy shoot is i.nmersed in water in the reseT^^^ r of th 
potometer and the rate of water loss determined by the rate at M 

by' n^TtinTth " f "" f’' ^^I'rinks. This is usually followed 

by noting the rate o moyement of an air bubble in the water in the 

capillary sideann of the instrument. Some potometers are constructed so 
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that the entire root system of plants which have been specially grown 
for the purpose in solution cultures can be immersed in the reservoir of 
the instrument (Fig. 34). A potometer actually measures the rate of ab- 
sorption of water rather than the rate of transpiration. While under many 
conditions the rates of these two processes are virtually equal, this is not 
always true, particularly if an internal water deficit exists in the plant. 
The rate of transpiration as measured for a cut shoot in a potometer does 
not necessarily bear any relation to its rate of transpiration while it was 
still attached to a plant. The reasons for this wdll become clear in the dis- 
cussion of the internal w'ater relations of plants (Chap. XV). The prin- 



Fig. 34. Potometer a.s set up for measurement of rule of absorption of water 
hy the root system of a seedling plant. The full length of the capillary tube is 

’ not shown. 
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cipal utilitj'' of potomctcrs is in laboratory demonstrations of the effects 
of various environmental factors upon the rate of transpiration. 

4. Hi/grometric Paper Methods . — When filter paper is impregnated 
with a dilute (about 3 per cent) solution of cobalt chloride and dried, it 
becomes a bright blue in color. If exposed to moist air its color gradually 
changes to pink. The same color change ensues when a piece of such paper 
is brought into contact with the transpiring surface of a leaf. If small 
pieces of such pajier are mounted so as to be protected from the water- 
vapor of the atmosphere by glass, mica, or celluloid, and are brought into 
contact with the surface of a leaf, the rate at which the paper changes in 
color from blue to jiink is an indication of the rate at which w'ater-vapor 
is being lost by that leaf. A leaf which changes the color of a jiiece of 
cobalt chloride from its full blue color to its full pink color in, for ex- 
ample, 30 sec. is losing water to the paper twice as fast as a leaf which 
requires 60 sec. to accomplish a similar change. This method gives no 
measure of absolute rates of transpiration, becaii.se when a portion of a 
leaf is covered with a piece of cobalt chloride paper the environmental 
conditions influencing the leaf under the paper are very different from 
those which would influence it were it freely exposed to the atmosphere. 
The leaf under the paper is cxpo.scd to a reduced light intensity and an 
initially lower vapor pressure than freely exposed parts of the same leaf, 
and furthermore, is completely isolated from any effects of wind. Hence 
the rate of loss of water-vapor to the paper may be very different from 
the rate of water-vaFior loss of the same area of leaf surface to the atmos- 
phere. Under certain conditions this method can be used for a determina- 
tion of the relative rates of transpiration of different species with a fair 
degree of accuracy. Even for relative determinations of transpiration 
rates, however, this method gives valid results only when all of the plants 
are growing under essentially the same atmospheric conditions. Modifica- 
tions and limitations of this method are discussed by Livingston and 
Shreve (1916) and Meyer (1927). ^ ® ^ 

The Magnitude of Transpiration.-Transpiration may be computed per 

unit of leaf surface or leaf area,* per unit of fresh or dry weight per plant 
or per unit area of field or forest. Rates may be calculated for hourly 
daily seasonal, or yearly periods. Transpiration rates show an enormous 

rZnrundrdTe f kind of 

a plant under different environmental conditions 

Transpiration rate in broad-leafed plants of temperate regions range 

photosynthesis only for'^br^^le^ed transpiration and 

approximately twice the leaf area ^ species leaf surface is always 
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up to about 5 g. per dm.^ of leaf area per hour. Usual rates, under con- 
ditions favorable for stomatal transpiration, fall within a range of 0.5 
to 2.5 g. per dm.- per hour. At night, or during periods when a dry soil, 
a low temperature, or other conditions unfavorable to stomatal transpira- 
tion prevail, the rate may fall to 0.1 g. per dm.^ per hour, or even less. 
Under favorable conditions many herbaceous i)lants transpire several 
times their own volume of water in a single day. 

The transpiration rates of large plants such as mature trees obviously 
cannot be measured directlv, but can only be estimated from data on the 
leaf population of the tree and the known rates of transpiration of some 
of the leaves. To arrive at an accurate estimate of the leaf j^opulation of 
a large tree is in itself a laborious procedure. Among the few such esti- 
mates which have been made are those of Turrell (19341. who found a 
33-foot open-grown catalpa .rpcriom) to bear 26,000 leaveshav- 

ing an aggregate leaf area of 19,500 dm.^. and of Cummings (1941), who 
found a 47-foot op('n-gr(iwn siher maple {Acer mccharmum) to bear 
177,000 leaves having an aggregate leaf area of 68,000 dm.^ 

Accurate measurements of tlu; transpiration rates of ev<‘n a small part 
of a tree can be made only by the air-flow nu'tliod d(‘scrib('d previously. 
Results obtained by the potometer or hygrometric paper m(‘tho{ls on small 
branches or individual leaves may be grossly in error for reasons which 
have already bc'cn discussed. Even if accurate measurements have been 
made of the transpiration rate of certain branches, a furtlier complica- 
tion in attempts to estimate the transpiration for the entire tree is intro- 
duced by the fact that the rate of tlu' process is known to differ greatly 
from one leaf or branch to anotlier. All calculations of the transpiration 
rates of large trees can, tlierefore, only be appi (tximations, although 
such estimates are not only of scitaitific interest, but also of practical 
value. 

Likewise, calculations of transpirational watei loss per acre of cropped 
land or of natural vegetation are necessarily only afiproximations. Results 
of some such calculations indicate that sufficient watf-r may transpire 
from maize plants during the course of a growing season to cover the 
field to a depth of 15 inches (Transcau, 19261 and from apple trees to 
cover the orchard to a depth of 9 inches. Hoover (1945) estimates the 
transpiration of a deciduous forest, largely oak. iri the southern Appa- 
lachian mountains, to be equivalent to 17-22 inclu^s of rainfall per year. 
This estimate was made on the basis of tlie effect of removing \'cgctation 
from a watershed on the runoff. 

Significance of Transpiration. — Opinions regarding the significance of 
transpiration have ranged all the way from those wliich would put it 
practically on a par with such processes as photosynthesis and respira- 
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tiou, to those which would relegate it to the category of a “necessary- 
evil” (Curtis, 1926). The principal roles which have heen ascrihed to the 
transpiration of plants can he summarized under the following three 
headings: 

1. Supposed Role in the Movewent of ll'afcr. — It is often claimed or 
assumed that the movement of water through the plant requires the 
occurrence of transpiration from the leaves. That this concept is entirely 
erroneous will he clear from the discussion of the mechanism of the con- 
duction of water through plants in Chap. XII. Under conditions of high 
transpiration the movement of water through plants is, in general, more 
rapid than under conditions of low transpiration. The mechanism causing 
ascent of water through a plant operates in such a way that any increase 
in the diffusion-pressure deficit of the mesophyll cells favors a more rapid 
movement of water toward those cells. Hence a rapid transpiration rate, 
which invariably results in a considerable increase in the diffusion-pres- 
sure deficit of the mesophyll cells, usually speeds up the rate at which 
water ascends through the plant. However, translocation of water to the 
extent that it is used in restoring the turgor of leaf cells, in photosynthesis 
or in growth, continues even during periods when the transpiration rate 
is negligible. 

2. Supposed Role in the Absorption and Translocation of Mineral Salts. 
— It has often been assumed that the more rapid the rate of transpiration, 
the greater the rate of absorption of mineral salts. This view implies that 
the dissolved mineral salts are swept into the plant along with the ab- 
sorbed water, a postulation which ignores much evidence that the mech- 


anisms operating in the absorption of water are very different from the 
mechanisms operating in the absorption of mineral salts (Chap. XIV, 
Chap. XXIV). The results of certain experim.ents do indicate that a some- 
what larger quantity of mineral salts accumulates in plants under con- 
ditions favoring high transpiration rates than in similar plants growing 
under conditions favoring low transpiration (Freeland 1937, Wright 
1939). The work of Broyer and Hoagland ( 1943) , however, indicates that 
such results are only obtained under certain metabolic conditions, and 
that there is no consistent correlation of the rate of transpiration' with 
the rate of absorption of mineral salts. 

Upward translocation of the mineral salts absorbed by tbe roots occurs 
principally in the xylein (Chap. XXVII). The dissolved mineral salts are 
passively carried upward in the ascending water columns. Since the rates 
of translocation of water show a fairly close correlation with the rates of 
transpiration a similar correlation also exists between rates of upward 

TiT'^T V of transpiration. 

Ithough high transpiration rates undoubtedly often result in more rapid 
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upward transport of mineral salts through the plant than low rates, there 
is no reason to attach any critical significance to this fact. There is no 
evidence that inadequacies in the distribution of absorbed mineral salts 
throughout plants ever result from low transpiration rates. 

3. Supposed Role in the Dissipation of Radiant Energy . — Leaves ex- 
posed to direct sunlight absorb large quantities of radiant energy whicli, 
unless dissipated in some other way, will be converted into heat energy 
and raise the temperature of the leaf. The possiliilities of such an effect 
are indicated by the following approximate calculations: In direct noon- 
day summer sunlight, the rate of receipt of solar energy is often as much 
as 1.3 g.-cal. per square centimeter of leaf area per minute and not un- 
commonly even greater. The proportion of this actually absorbed varies 
with the kind of leaf, but will be assumed to be only 50 per cent, which 
is probably a representative value. The incident radiant energy which is 
not absorbed by the leaf is all transmitted or reflected. Such a small pro- 
portion of the absorbed energy is used in photosynthesis that it can be 
neglected in a rough calculation. Hence about 0.65 g.-cal. of energy is 
absorbed per square centimeter of leaf area per minute. If the mass of a 
square centimeter of a leaf is taken as 0.020 g. and its specific heat as 

0 65 

0.879 g.-cal.,^ the rise in temperature per minute would be q q 2 q x 0 87 ^ 

or about 37°C. Since the thermal death point of most plant protoplasm 
lies between 50° and 60°C., it should not require more than a few minutes 
to heat the leaves of most j^lants to a lethal temperature. Actual measure- 
ments of leaf temperatures, however, show that they sehlom even ap- 
proach their thermal death points. Leaf temperatures usually do not 
exceed atmospheric temperatures by more than a few degrees centigrade. 
Evidently some efficient energy-dissipating mechanism is at work which 
prevents the accumulation of heat energy in leaves. 

Since transpiration is an energy-consuming process it has often been 
assumed that it is in the evaporation of water from the leaves that most 
of the energy absorbed by them is dissipated. AVc might well inquire, 
therefore, regarding the possible efficiency of transpiration as an energy- 
dissipating process. The ev'aporation of a gram of water at 20°C. requires 
584 g.-cal. For the dissipation of 0.65 g.-cal. of heat, therefore, the evap- 
oration of 0.0011 g. (0.65/584) of water per square centimeter of leaf area 
per minute is required. This is equivalent to 6.6 g. (0.0011 X 100 X 60) 
of water per square decimeter of leaf area per hour, a rate of transpiration 
which is seldom attained by plants for any sustained period of time under 
natural conditions. Evidently transpiration, even when occurring at its 

* These are the actual values as determined for a sunflower leaf hy Brown and 
Escombe (1905). See also Shull (1930). 
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maximum rate, can seldom account for dissipation of more than part of 
the radiant energy which is absorbed by leaves in intense sunliglit. 

The fact that transpiration is often inadeciuate in direct sunlight to 
account for the dissijiation of all the absorbed radiant energy leads 
naturally to tlie ejuestion of whether it is at all essential for this proc(‘ss. 
Observations have shown that leaves in which the transpiration rate is 
greatly reduced — as, for example, those in whieh the stomates are plugged 
with vaseline, leaves in a wiltt'd condition, or the leaves of plants in xeric 
habitats during dry seasons, in which the occuri'ence of any ap]>reciahle 
amount of transpiration is precluded by the lack of soil water — seldom 
have temperatures which are anywhere near the thermal death ])oint. 
even when exposed to direct sunlight. Although transpiration often ac- 
counts for the dissipation of some or even most of the absorbed radiation, 
in so doing it apparently plays no essential role since absorbed radiation 
can he dissipated by purely physical means. As soon as the temiierature 
of a leaf exceeds that of the surrounding atmosphere, it will lose heat t^. 
the atmosphere in the same way that any other object heated above its 
environmental temperature docs, by one or more of the juirely phys- 
ical processes of conduction, radiation, and convection. The term thermal 
emissioy} is frequently applied to this physical loss of heat energy by 
leaves and other objects. As will be shown in Chap. XT, the thermal emis- 
sion of leaves is adequate to account for the dissijuation of all absorbed 
radiant energy. 

Actually, instead of benefiting plants, transpiration may often be det- 
rimental. Under conditions of deficient soil water or of high transpiration 
rates even when the soil water supply is adequate, this process results in 
a diminution in the water content of a plant and in the turgidity of its 
cells. Prolonged drought conditions ultimately result in a severe desicca- 
tion with the consequent death of all except the most drought resistant 
species. AVhen the diminution in water content is less severe a train of 
otl.cr effects such as a decrease in tl.e turgidity of tlie cells, stoinatal 
closure, and reduction in rate or cessation of photosynthesis are induced 
all of which have the end result of checking the growth of the plant. It 
IS probably true that lack of water is more often the limiting factor in 
plant growth than any other single factor. Furthermore, deficiency of 

of more plants under natural 
or even cultural conditions than any other single cause 

Tlie fundamental effects of transpiration upon the plant are not to be 
ought 111 any hypothetical “advantages” of the process to the plant, but 
n Its ^ ery real and readily ascertainable influences upon the water rela- 
tions of plant cells and tissues, and through these its effects upon other 
plant processes. In spite of the fact that transpiration may be regarded 
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in a sense as an incidental phenomenon, its indirect influence upon the 
metabolic processes of plants is a profound one. It is this fact, more than 
any other, which justifies intensive and critical studies of this process. 

The Loss of Water from Plants in Liquid Form. — If a pot of young oat 
plants is copiously watered and then enclosed in a bell jar, in a rela- 
tively short time a slow exudation of water begins at the tip of each leaf. 
The drops which form at the leaf apexes gradually enlarge and eventually 
may run down the side of the leaf or fall off. This process of the escape 



Fig. 35. Guttation from tomato leaves. Photograph, courtesy of Dr. J. H. 

Gourley. 

of liquid water from uninjured plants is called gyttation (Fig. 35). It is 
of very general occurrence, having been recorded in plants of more than 
300 genera, although there are many species in which it has not been ob- 
served. Guttation occurs most frequently and abundantly under condi- 
tions which favor rapid absorption of water by the roots, but which result 
in a reduced rate of transpiration. In most temperate regions such condi- 
tions occur most frequently during the late spring when there is often an 
alternation between relatively cool nights and relatively warm days. 
Guttation is frequently observed at that season, usually taking place at 
night or during the early hours of the morning. The drops of guttation 
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water which fonn at the tips of grass blades and the tips or edges of the 
leaves of other plants are often erroneously considered to be dew. 

The process of guttation occurs from pore-like structures known as 
hydathodes (Fig. 36). These structures are also sometimes referred to as 
water stomates or water pores. As the figure indicates, a typical hyda- 
thode consists of an enlarged stomate-like opening below which is a rather 
large chamber, bordered by a mass of thin-walled, loosely arranged cells 
called the epithem. The xylem elements of a vascular bundle terminate 
just below the epithem. 

The exudation of water through hydathodes is considered to result 
from a pressure which develops in the sap of the xylem elements, and 


not to any locally developed pres- 
sure in the hydathode itself. This 
pressure is generally believed to be 
identical with the so-called *‘root 
pressure” (Chap. XII). It is sup- 
posed that the water is forced from 
the vessels through the intercellular 
spaces of the epithem layer and out 
of the plant through the pore of the 
h.ydathode. This water is not pure 
but contains at least traces of sol- 
utes, including sugars, amino acids, 
and mineral salts. Guttation water 
sometimes evaporates so rapidly as 
to leave deposits of salts on the 
margins or tips of leaves. Reab- 
sorption of drops of guttation wa- 



I'lu. 35. Hydathode at the margin of 
a tomato leaf as seen in sectional view 
(semi-diagrammatic). Note termina- 
tion of vessels just back of the epithem. 


ter also sometimes occurs, such reabsorbed w'ater often containing a 
greater concentration of salts than the original exudate because of solu- 


tion in it of previously deposited encrustations of salts. Either evapora- 
tion, or reabsorption of guttated water, or both, may result in injurious 
effects on plants and are a probable cause of tip burn in leaves of some 
species (Curtis, 1943). While the volume of water exuded by most plants 
of temperate regions in guttation is usually small, some tropical species 
lose large quantities in this process. A young leaf of Colocasia nymphae- 
foliaf a native of India, has been observed to lose as much as 100 ml. of 
liquid water in a single night by guttation. 

Glands are found on leaves, flower parts, and other organs of the plant. 
Certain types of glands secrete water or, more accurately, a dilute solu- 
tion. The exudation of water or a dilute solution by glands is apparently 
caused by a physiological mechanism within the gland itself, and not by 
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a pressure developed in the sap of the xylem conduits as appears to be 
true of liyrlathodes. Suf^ars fas in nectar) and certain mineral salts arc 
secreted by some glniuls. Non-water-soluble substances, such as resins 
and volatile oils, are secreted by glands on some kinds of plants. 
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DISCUSSION QUESTIONS 

1. How would you measure separately the rates of stomatal and culicular 
transpiration in a broad-leafed plant 

2. Is it harmf\il to prune grapevines or other woody plants at a season when 
they bleed profusely? 

3*. When a leaf exposed to bright light is surrounded by a bag of cellophane, 
which checks transpiration, the tem]ierature of the leaf rises. This has been in- 
terpreted as evidence of a result of the retardation in the rate of transpiration. 
What is a more probable interpretation of this effect? 

4. How can you tell whether the water present on leaves in the early morning 
hours after a clear night is dew or water of guttation? 

5. If a leaf is absorbing 0.65 g.-c:d. of radiant energy per cm.^ per minute, tvhat 
proportion of this will be dissipated by thermal emission if the transpiration rate 
is 2 g. per dm.^ of leaf area per hour? 
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The most important pliysiological fact about tlic stomatcs is that they 
are sometimes open and sometimes closed. hen open, they serve as the 
principal pathways througli which gaseous exchanges take place between 
the intercellular spaces of the leaf and the surrounding atmosphere. AAdien 
closed, gaseous exchanges between a leaf and its environment are greatly 
retarded. The gases of greatest physiological importance which enter or 
depart from a leaf principally through the stomates are oxygen, carbon 
dioxide, and water-vapor. The movement of gases through the stomatcs in 
either direction is primarily a diffusion phenomenon, although under cer- 
tain conditions, as discussed later, mass movement of gases may occur 
through the stomates. Although the stomates are the principal portals 
through which entry and escape of gases take place, the fact should not 
be overlooked that at least small quantities of gases pass directly through 
the epidermis and cuticular layers of all leaves. This appears to be true, 
in particular, of carbon dioxide (Chap. XIX). In submerged vascular 
aquatics all gaseous exchanges between the plant and its environment 
occur through the epidermis. 

Structure of the Stomates. — The stomates or stomata (singular stomate 
or stoma) are minute pores which occur in the epidermis of plants. They 
are surrounded by two distinctive epidermal cells known as the guard 
cells. Stomates may occur on any part of a plant except the roots, but in 
most species are most abundant upon the leaves. The size of the stomatal 
pore varies in most plants depending upon the turgidity of the guard 
cells and often, especially at night, it is entirely closed. In Fig. 37 arc 
depicted surface and cross-sectional view's of several of the commoner 
types of stomates. The structure of stomatal apparatus shows marked 
variations in detail in different species of plants, but the essential feature 
of a pore between two guard cells is common to all species of vascular 
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plants. Guard cells which are roughly kidney or bean-shape<l as seen in 
surface view are typical of more species of plants than any other kind 
(Fig. 37*4). In some species the epidermal cells bordering on the guard 
cells are different in configuration from other cells in the same tissue; 
these are called subsidiary cells or accessory cells (Fig. 37B). In many 
species of the grass and sedge families the guard cells are distinctly 






Fig. 37. Structure of t^tomates. (A) Surface view of sunflower stomatc, (B) 
surface view of Zebrina stomate, showing four subsidiary cells around the guard 
cells, (C) surface view of maize stomate, (D) cross sectional view of Austrian 

pine stomate. 


elongate (Fig. 37C). In most species of conifers and in certain other 

species, stoniates are of the sunken” type (Fig. 37D). A perspective view 

of a stomate and the surrounding guard cells is shown in Fig. 38. Unlike 

other e{)ideimal cells, the guard cells contain chloroplasts. They also 

appear to contain a larger proportion of cytoplasm than the epidermal 
cells. 

Size and Distribution of Stomates. — The size of the stomatal pore varies 
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greatly according to the species of plant, and somewhat among the in- 
dividual stomates on any one plant. The pores are always very minute, 
however, their dimensions being expressed in terms of microns {Tabic 13). 

Minute as these openings ajipear to 
be from a human scale of values, they 
are enormous wUvn comi)ared with the 
size of the gas molecules wliich diffuse 
through them. The calculated diame- 
ter of a watc-r molecule is 0.000454 \x. 
More than 2000 water molecules 
would have to be placed side by side 
to measure a distance of 1 g. The mol- 
ecules of both carbon dioxide and 
oxygen are larger than water mole- 
cules. Since the stomatal diameters 
u.sually ar'e considerably in excess of 
1 [X, it is evident that the stomatt's afford relatively enormous portals to 
the gas molecules which diffuse thi'ough them. 

In general, tire number of stomates pr(‘sent in the epidermis of leaves 
may range from a few thousand to o\‘ei‘ a hundred thousand per scpiare 
centimeter, the exact number depending ui>on the species and upon the 
<mvironmeiital conditions under which the leaf has dcvxdoped. A single 
maize plant has been estimated to bear fi'orn 140 to 240 million stomates, 
whereas the number on a large tree could l)e expressed only by a figure 
of astronomical dimensions. 


Pi(i. 3S. ber.^pcctivo view of a 
stomate and adjacent cells (setni- 

diagrammatic). 


The average numbers of stomates which have been found per square 
centimeter on the leaves of a number of representative species arc listed 
in Table 13. However, marked deviations from such average values arc 
possible for any species, depending upon the environmental conditions 
under which the leaves have deveIo[)ed. The number of stomates per 
unit area of leaf surface may be quite different on leaves of two plants of 
the same species, if one grew in a greenhouse, and the other grew in the 
open, or upon the leaves of plants of the same species which have de- 
veloped during different seasons. 

As shown in Table 13, stomates occur in both the upper and lower 
epidermis of many species of plants. In numerous others, especially woody 
species, they are confined to the lower epidermis. Even in those species 
in which stomates occur on both surfaces of the leaf they are commonly, 
but not always, more abundant in the lower epidermis. In floating leaves, 
such as those of the water lily, stomates occur only in the upper epidermis. 
Species in which the stomates are relatively small usually have more per 
unit area than species in which the stomates arc relatively large. 
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TABLE 13 SIZE AND DISTRIBUTION OF STOMATES ON THE LEAVES OF VARIOUS SPECIES OF 

PLANTS (data of ECK.ERSON, I908; SALISBURY, 19 *M ^-ISSER, 19^9; MILLER, 1931 ; AND 

YOCUM, 1935) 


Species 


Ave. no, of stomates 


per 


cm 


Upper Lower 
epidermis epidermis 


Alfalfa {Medicago sativa) 

Apple {Pyrus malus var.) 

Barberry (^Berberis vulgaris) 

Bean (Phaseolus vulgaris) 

Begonia (Begonia coccinea) 

Black Oak (Quercus velutina) 

Black Poplar (Populus tiigra) 

Black Walnut (Juglans nigra) 

Cabbage (Brassica oleracea) 

Castor Bean (Ricinus communis) 

Cherry (Prunus cerasus var.) 

Coleus {Coleus blumei) 

English Ivy {Hedera helix) 

English Oak (Quercus robur) 

Geranium (Pelargonium domesticuv.) . 

Holly (Ilex opaca) 

Jimson Weed (Datura stramoniuv.) . . . 

Lilac (Byringa vulgaris) 

Linden (Tilia vulgaris) • 

Maize (Zea mats) 

Mulberry (Morus alba) 

Nasturtium (Tropaeolum majus) 

Nightshade (Solanum dulcamara) 

Oat (Avena saliva) 

Pea (Pisum sativum) 

Peach (Prunus persica var.) 

Potato (Solanum tuberosum) 

Red Oak (Quercus rubra) 

Scarlet Oak (QuercUs coccinea) 

Scilla (Scilla nutans) 

Sunflower (Helianthus annuus) 

Sycamore (Platanus occidentalis) 

Tomato (Lycopersicon esculentum ) . . . . 
Tree of Heaven (Ailanthus glandulosa) 
Wandering Jew (Zebrina pendula ) . . . . 

Wheat (Triticum sativum) 

Willow Oak (Quercus phellol) 

Wood Sorrel (Oxalis acetosella) 

Yew (Taxus baccata) 


16,900 

o 

o 

4.000 
o 
o 

2.000 
o 

14,100 

6.400 
o 
o 
o 
o 

1,900 

o 

11.400 
o 
o 

5,200 

o 

o 

6,000 

2.500 

10,100 

o 

5,100 

o 

o 

5 » 5 oo 

8.500 
o 

1 ,200 
O 
O 

3.300 

o 

o 

o 


13.800 
29,400 

22.900 

28.100 

4,000 

58.000 

11.500 

46.100 

22.600 

17.600 

24.900 

14.100 

15.800 

45.000 
5,900 

17.000 

18.900 

33.000 

1 1.000 

6,8co 

48.000 

13.000 

26.300 
2,300 

21 .600 

22.500 

16.100 

68.000 

103.800 

5,100 

15.600 

27.800 
13,000 

38.600 

I,4CO 

1,400 

71.300 

4,500 

11.500 


Size (length X 


breadth) of pore 

Refer- 

when fully open 

ence 

(lower epidermis) 



M 


7 X 3 M 

21 X 8 M 


10 X 4 M 

10 X 5 M 

11 X 4 M 

^4 X 9 M 
1 2.5 X 6.5 u 


> 9 X 5 m 

12 X 6m 


38 X 8m 


22 X 8 M 

* * • • » • 

13 X 6 m 

3> X i2m 
38 X 7 M 


M 

K 

E 

E 

Y 
S 
K 
M 
E 
M 
E 
E 
o 
E 
K 
K 
K 
S 
E 
K 
E 
K 
E 
K 
M 
M 

Y 

Y 
S 
E 
K 
E 
K 
E 
E 

Y 
S 
S 
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In general, no eorrelation has been found between transpiration rates 
and either the size or distribution of the stoinates, other factors being 
much more important in determining the rate of loss of water-vapor from 
the intercellular si)aces. 

Principles Governing Diffusion of Gases through the Stomates. — Since 
gaseous exchanges between the intercellular spaces and the atmosphere 
take place principally through the stomates, the problem of the diffusive 
capncit}! of the stomates is an important one. Although the aggregate 
area of the fully open stomates of a leaf is j)robably never more than 3 
per cent of the stomate-bearing surface and is often less than 1 per cent, 
the rate of water-vapor loss from leaves pei* unit of area may be 50 per 
cent or even more of the evaporation from an exi)osed water surface of 
the same area. Stomatal transpiration from a leaf of lurch (Betula 
pubescens) , for example, under the most favorable conditions, may be as 
much as 65 per cent of tlie evaporation from the same area of an evap- 
orating surface (tstalfelt, 19321. Leaves of tliis species bear stomates only 
in the lower cj)idermis. Assuming the aggregate area of the open stomates 
to be 1 per cent of the leaf area, it is evident that water-vapor often 
diffuses through tlic stomates at rat(*s ranging up to at least fifty times 

greater than it diffuses away from an eriual area of exi)(')sed evaporating 
surface. 

This unexpectedly high diffusive capacity of the stomates is intelligible 
in terms of the results of studies upon the principles of diffusion through 
small apertures. The classical investigation of this ju’ohh'in was made by 
Brown and Escoml)e (1900), who studied the rate of diffusion of carbon 


TABLE I4 — DIFFUSION OF WATF.R-VAPOR THROCGH .^MALL OPF.KINGS UNDER UNIFORM 

CONDITIONS (data OF SAYRE, I926) 


Septum 

Diameter of 
peres, mm. 

Loss of water- 
vapor, grams 

Relative areas 
of pores 

Relative perim- 
eters (circum- 
ferences) of 
pores 

Relative 
amounts of 
water-vapor 
lost 

I 

2. 64 

2.655 

1 

1 .00 

1 .00 

1 .00 

2 

1 .60 

>■583 

0-37 

0.61 

0-59 

3 

0.95 

0.928 

0. 13 

0.36 

0-35 

4 

0.81 

0.762 

0 09 

0.31 

0. 29 

5 

0.72 

0.672 
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dioxide through tubes of known dimensions (Chap. XIX). Ihey first 
made the important discovery that, if a septum which had been pierced 
with a small circular aperture was interposed across a column of diffus- 
ing gas, the rate at which carbon dioxide diffused through this aperture 
\vas much greater than the rate at which it passed through an equal area 
of the unobstructed tube. 

Since the problem at present under consideration is the diffusion of 
water-vapor rather than carbon dioxide through small apertures, the data 
presented in Table 14 will be used to illustrate more fully the principles 
regarding the diffusion of gases 
through small openings. These data 
were obtained by sealing thin septa, 
through the center of which w'ere 
cut round openings of known 
dimensions, across the circular 
mouths of small bottles which had 
previously been filled to a certain 
level with water, and then deter- 
mining the loss in weight of each 
bottle after all of them had been 
kept under uniform conditions for 
the same period of time. 

The results of this experiment 
illustrate two important general 
principles: (1) The quantities of 
water-vapor diffusing through small 
openings in a given period of time 
are proportional (essentially) to 
the perimeters (circumferences) 
and not to the areas of the pores. 

This is shown by the close corre- 
spondence of the figures in the last two columns of Table 14. (2) The 
smaller the pore, the greater the water loss per unit area. The pore in 
septum 2, for example, has an exposed area only slightly more than one- 
third as great as the pore in septum 1, but diffusion through it is nearly 
two-thirds as great as through septum 1. Similarly, the pore in septum 7, 
with only 5 per cent of the area of the pore in septum 1, nevertheless per- 
mits 18 per cent as much diffusion as the pore in the latter septum. 

It has also been found that the diffusion of water-vapor through small 
pores of elliptical cross section is more nearly proportional to their per- 
imeter than to their area. A stomate attains almost its maximum diffusive 



Fig. 39. Relation between width of 
stomatal pore and rate of stomatal 
transpiration in leaf of birch in mg. 
per 25 cm.^ leaf area per hr. Data of 

Stalfelt (1932). 
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capacity considerably before it is fully open (Fig. 39), because the per- 
imeter of a stomatal pore does not increase greatly after the aperture 
between the guard cells has once widened appreciably. 

Diffusion of gases through small apertures is much more nearly pro- 
portional to their perimeters than to their areas because of the more 
rapid diffusion of the molecules through an opening at its periphery than 
through its center. The concentration of diffusing molecules is much less 
in outward directions from the rim than it is just above the pore. Hence 
the number of molecules escaping through the hole near the rim per unit 
time interval greatly exceeds the number escaping near the center of the 
opening. Reduction in the area of a circular or elliptical aperture results 
in increasing its perimeter relative to its area. Hence in small pores such 
a large proportion of the diffusion is “rim diffusion” and such a small 
proportion is diffusion through the pore centers that measurements show 
the rate of diffusion to be essentially proportional to the perimeters of 
the openings. 

Diffusion of gases from or into a leaf through the stomates involves 
a much more complex system than is represented by a septum pierced by 
a single aperture. Diffusion is occurring, not through a single opening, but 
simultaneously through thousands of minute apertures which are rela- 
tively close together. Experiments have been performed in analogous 
physical systems in which multiperforate instead of uniperforate dia- 
phragms have been used. The results of experiments on different spacings 
of the pores in a septum upon the rate of diffusion of water-vapor per 
pore and per septum are depicted graphically in Fig. 40 and Fig. 41, 
respectively. 

As shown in Fig. 40, the diffusion per pore increases with increase in 
the distance apart of the apertures, although not proportionately. With 
pores of this diameter (0.3 mm.) nearly the maximum diffusive capacity 
per pore is attained when they are spaced at intervals of 20 diameters. 
In multiperforate septa the molecules diffusing through each aperture 
invade in part the zones into which the molecules passing through neigh- 
boring pores would diffuse were each opening the only one in the septum. 
Also, the number of molecules diffusing through each pore is not as great 
as if it were the only pore in the septum because some of those which 
would diffuse through the pore by chance if it were solitary are now 
diffusing by chance through neighboring pores. Hence the diffusion pres- 
sure gradient is not as steep through each pore as it would be through a 
single pore, and the rate of diffusion through each pore is correspond- 
ingly reduced. The closer together the pores, the less the rate of diffusion 
through each pore. 

The loss of water-vapor by diffusion per septum decreases with in- 
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crease in the distance between the openings, i.e., with decrease in the 
number of pores per septum (Fig. 41). The decrease in diffusive capacity 
is not, however, in proportion to the reduction in the aggregate area of 
the pores in the septum. For example, when the pores are spaced 5 di- 
ameters apart, their aggregate area is only 3.38 per cent of the septum 
area, yet diffusion through them was 62 per cent of tliat through an open 
bottle with a mouth of the same area as the septum (compare Table 27). 
Although with decreasing distance between the pores the diffusion per 
pore decreases, this effect is more than offset by the increased number 

of pores per unit of the septum. 


PER CENT OF SEPTUM AREA AS PORES 
0.79 0J6 




Fig. 40. Relation between wa- 
ter loss per pore and distance 
in diameters between pores. 
Data of Weishaupt (1935). 


Fig. 41. Ip-elation between 
water loss per septum and 
distance in diameters between 
pores. Data of Weishaupt 

(1935), 


The dimensions of the pores (0.3 mm. diameter, 0.071 mm.^ area) used 
in the experiments just discussed are much greater than those of the 
average stomate. Pore systems in which the individual pores approach or 
are within the stomatal range of sizes have still higher diffusive capac- 
ities. Huber (1930) found the diffusion through a septum in which the 
pores were 0.05 mm. (50 ^j.) in diameter and occupied 3.2 per cent of the 
septum area to be 72 per cent as great as that from an open evaporating 
surface of the same area. Similarly Sierp and Seybold (1929) found dif- 
fusional water loss through multiperforate diaphragms in which the pores 
were 10 [a, 20 [a, or 50 (a in diameter and occupied 0.8 per cent of the 
septum area to be about 70-75 per cent of the water loss from an open 
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evaporating surface of the same area as the septum. Diffusion through a 
multiperforate septum may thus approach, although it never equals, that 
from a freely exposed surface. 

The relatively high rates of water-vapor loss which occur from leaves 
in proportion to tlie aggregate area of the stomatal pores are thus expli- 
cable in terms of the principles of diffusion through multiperforate septa. 
Known rates of transpiration rarely if ever attain the values which cal- 
culations based on the principles just discussed indicate to be theoretically 
possible, even whpn the stomates are fully open. Evidently some factor 
other than the diffusive capacity of the stomates is often the limiting 
factor in stomatal transpiration. 

The foregoing discussion of the diffusion of gases through small pores 
has been based on data obtained when diffusion was allowed to occur into 
“quiet” air. Even in so-called “quiet” air, it should be realized that 
considerable convectional movement of air is often taking place. If an 
air current is blowing across the surface of a multiperforate septum, the 
usual effect is an increase in the rate of diffusion through the pores. In 
pore systems within the size and frequency ranges of the stomates of 
most species, however, the effect of such air movement on the diffusion 
rate of water-vapor does not appear to be very great (Sierp and Seybold, 
1929; Huber, 1930). 

In applying the principles of diffusion through small pores to stomates, 
the further complication that the distance from the rim of one stomate to 
the next is variable must be considered (Verduin, 1949). The effective 
diameter of the stomates on tomato leaves, for example, is about 10 in[i., 
and they arc spaced al)out 10 diameters apart when fully open. At this 
spacing there is considerable interference with the diffusion of the mole- 
cules through one pore by the diffusion through other pores in its vicinity. 
If these stomates close to half their maximum effective diameter, they 
will be spaced 20 diameters apart, at which distance there is much less 
interference with diffusion through one pore by that through another. 
Decrease in interference during stomatal closure permits the maintenance 

of a higher diffusive capacity when the stomates are partly closed than 
would otherwise be possible. 

Not all movement of gases through the stomates occurs by diffusion. 
In a wind, for example, back and forth bending of leaves causes alternate 
compression and expansion of the intercellular spaces with corresponding 
outw'ard or inward mass flow of gases. Mass flows of gases also undoubt- 
edly occur when leaf temperatures (Chap. XI) arc rapidly fluctuating. 
This is commonly the situation when wind velocities are variable on a 
bright day, or w'hen leaves are alternately exposed to direct sunlight and 
shade, as on a day with scattered clouds in the sky. With each increase 
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in leaf temperature an outflow of gases through tlie stomates undouhtedly 

occurs; with each decrease in temperature, an inflo\\. 

Mechanism of the Opening and Closing of the Stomates —The degree of 

stomatal opening is influenced both by changes in the turgor of the guanl 
cells and by changes in the turgor of the epidermal cells, although the 
former usually play a predominant role. In general, an increase in the 
turgor of the guard cells relative to that of the epidennal cells leads to a 
widening of the stomatal aperture, and vice verm. The greater this turgor 

difference, the wider the stomatal aperture. 

The mechanism of the effect of changes in the turgor of the guard cells 
upon the size of the stomatal aperture varies with the structure, form, 
and position of the stomates. In one type of guard cell, found in many 
different species of plants, the cell wall is thicker on the side bordering 
the stomatal pore than on the side bordering the epidermal cells (Fig. 
38). With an increase in turgor the thinner walls of the guard cells are 
stretched more than the thicker; this causes the thicker-walled sides to 
assume a concave shape and results in the appearance of a gap — the 
stomatal pore — between the two guard cells. Opening of the stomates 
typical of the grass and sedge families (Fig. 37C), appears to result from 
swelling of the ends of the guard cells thus separating the abutting walls 
of the middle portion of the two adjacent guard cells. In the sunken 
stomates typical of conifers (Fig. 37D), opening of the stomates seems 
to result largely from a change in the shape of the guard cells as a result 
of an increased turgor which is unaccompanied by any appreciable 
stretching of the walls. These various types of stomatal mechanisms are 
discussed by Copeland (1902). 

The three principal factors which influence the opening and closing of 
the stomates are: (1) light, (2) the internal water relations of the leaf, 
and (3) temperature. 

1. Influence of the Light Factor in Stomatal Opening and Closing . — 
Unless other conditions, to be discussed later, are limiting, the stomates 
of most species open upon exposure to light and close in its absence. Most 
commonly, therefore, the stomates are open in the daytime and closed at 
night, although there are many exceptions to this statement. The re- 
activity of the guard cells to light undoubtedly varies according to spe- 
cies. It probably differs considerably in shade species, for example, from 
sun species. Within limits the guard cells appear to react quantitatively 
to the amount of light they absorb, Stomatal opening apparently will oc- 
cur in all wave lengths of the visible spectrum, although the influence of 
radiations in the red region appears to be weaker than the influence of 
other wave lengths (Sierp, 1933). 

Stomatal closure upon the cessation of illumination is generally a 
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gradual process and. according to Stalfclt (1929), the greater the quan- 
tity of light which has heen ahsorherl by the guard cells in the course of 

the day, the longer it tak('s, at h'ast under some conditions, for the com- 
ph'tion of stoinatal closure. 

Although several theories have been proposed in explanation of the 
mechanism of stoinatal taction, as conditioned by light and other factors, 
the only one for ^\■hich tlua'e is aiu substantial evidence is the osmotic 
theory. This does not, of cours(\ eliminate the ])ossibility that other 
mechanisms may also be operati\'e in this process. The guard cells usu- 
ally contain starch, but tlie quantity present is not constant. Sayre (19261 
showed that the starch content of tlie guard cells of dock (Rumex pa- 
ticnt/a) is at its maximum dui’ing the night, decreases rapidly during the 
daylight hours, ami incrt'asc's again toward evening. AVhen the starch 
content of the guard cells w'as high the sugar content was low, and vice 
versa. Similarly Ahim (1949) found that opening of stomates of several 
species as induced by various factors w'as accompanied by a diminution 
in the starch content of the guard cells. 

The major reaction influencing the proportion of soluble and insoluble 
carbohydrates present which occurs in the guard cells appears to be the 
reversible transformation of starch to glucose-1 -pliosiihate in the pres- 
ence of inorganic phosphates (Chap. XX) : 


pljoaphorylase 

btarch + Phosphate ' * glucoso-l-phosphn.te 

The enzyme phosphorylase, which catalyzes this reaction, is known to 

be present in the chloroplasts of the guard cells (Yin and Tung, 1948). 

The equilibrium position of this reaction is affecterl by the pH of the 

medium, being much further to the right at pH values about 7 than at 

pH values of about 5 (Hanes, 1940). The concentration of soluble glucose- 

1-phosphatc is thus greater at the higlier of these two pH values than at 
the low'er. 

Illumination of the guard cells of a number of species has been found 
to result in an increase in their pH; failure of illumination, in a decrease 
(Scarth, 1932; Small et al., 1942). Scartli, for example, found the pH of 
the guard cells of zebrina to range from 4.0 or less in the dark to between 
6.0 and 7.4 in tlie light, riicre is some evidence that the higher pH of the 
guard cells in the light as compared with the dark may result from a 
reduction in the carbon dioxide concentration within the leaf as a result 
of photosynthesis (Scarth and Shaw, 1951). Whether or not i)hotosyn- 
thesis occurs in guard cells is not knowm with certainty, although chlo- 
rophyll ap]»cars to be ])resent (Freeland, 1951). Reduction of carbon 
dioxide concentration throughout the leaf could result, howxwer, from 
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occurrence of photosynthesis in the mesophyll cells. In the light, there- 
fore, increase in the pH of the guard cells appears to favor conversion 
of starch into glucose-l-phosphate under the influence of phosphorylase; 
in the dark decrease in pH appears to favor the reverse reaction. 

Increase in the soluble carbohydrate concentration of the guard cells 
results in an increase in their osmotic pressure while a decrease in their 
soluble carbohydrate concentration has the opposite effect. That such 
changes in the osmotic pressure of the guard cells .actually occur has 
been shown by many investigators. The diurnal changes in the osmotic 
pressures at incipient plasmolysis of the guard cells and epidermal cells 
of the English Ivy (Hedera helix) are shown in Tig. 42. In general, the 
osmotic pressure of the guard cells is usually relatively high during the 



Fig. 42. Daily variations in osmotic pressure of the guard cells and epidermal 

cells of English ivy (Hedera helix). Data of Beck (1931). 

daylight hours and relatively low at night. The osmotic pressure of 
the epidermal cells does not change appreciably during the course of the 
day and approximates that of the guard cells at night. 

Increase in the osmotic pressure of the guard cells in the morning re- 
sults in an increase in their diffusion pressure deficit relative to that of 
the contiguous cells. Water therefore moves into the guard cells, increas- 
ing their turgor, which in turn leads to a widening of the stomatal aper- 
ture. Movement of water into the guard cells from neighboring cells 
results m a loss of turgor by the latter which probably facilitates open- 
ing of the stomate. Decrease in the osmotic pressure of the guard cells 

leads to the reverse series of processes and results in a narrowing of the 
stomatal aperture. 

2. Influence of the Water Factor in Stomatal Opening and Closing.— 
As discussion m Chap. XV shows, development of an internal water def- 

A K occurrence, especially on clear, warm days. 

A shrinkage m the total volume of water in a plant results in general in 

a diminution in the volume of water in each individual cell, although all 

s wi no necessarily be affected equally. Such a decrease in the water 
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content of the leaf cells, not sufficient to induce visible wilting, is called 
incipient uniting. Under such conditions the guard cells usually decrease 
in turgor as a result of osmotic movement of water into contiguous cells. 
Reduction in the turgor pressure of the guard cells as a result of the 
diminution of the volume of water in them will bring about a partial to 
complete closure of the stomates. There is also some evidence that dim- 
inution in the water content of the guard cells induces a decrease in 

the p}l of tlieir cell sap and a 
correlated conversion of sugar 
into starch. The resulting de- 
crease in the osmotic pressure of 
the guard cells may lead to a 
further loss of water from them 
into adjacent epidermal cells. 
Stomates may thus close even 
under favorable light and tem- 
j>erature conditions whenever an 
internal water deficit of sufficient 
magnitude develops in the leaves. 

3. The Temperature Factor in 
the Opening and Closing oj Sto- 
mates . — The effect of tempera- 
ture upon stomatal opening 
depends in part upon other prevailing environmental conditions. Under 
constant and favorable light and other environmental conditions, stomatal 
opening in cotton (Fig. 43) and tobacco increases with rise in temperature 
up to 25°--30‘^C. and decreases at still higher temperatures (Wilson, 
1948). In most species stomatal opening fails to occur at temperatures 
approaching 0°C. or lower. Relatively high temperatures (about 40°C.) 
induce opening of the stomates of some species in the dark. 

Daily Periodicity of Stomatal Opening and Closing. — No kind of living 
organism is more inescapably at the mercy of its environment than a 
rooted plant. A number of the factors in the environment of plants (Chap. 
30) exhibit more or less regular daily periodicities. The most con- 
spicuous and physiologically important factors of which this is true are 
solar radiation and temperature, both soil and air. Other usually less 
significant factors in which daily cyclical variations may occur, at least 
in some habitats, include wind velocity, atmospheric vapor pressure, and 
carbon dioxide content of the atmosphere. Since the rates of plant proc- 
esses are conditioned in part by the environmental factors to which the 
plant is exposed, they also exhibit more or less regular daily periodicities. 

Daily cycles of environmental conditions vary greatly from one plant 


f'lG. 43. Relation between temperature 
and stomatal aperture in cotton. Data of 

Wilson (1948). 
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habitat to another, depending upon latitude, altitude, directional exim- 
sure, and local climatic conditions. In a given habitat such cycles vaiy 
from season to season and during any one season with day-to-day vari- 
ations in meteorological conditions. Hence the daily periodicity of any 
plant process may vary considerably in pattern from one day to anotlu'r 
depending upon the prevailing cycle of environmental conditions. In the 
course of this book we shall have occasion to analyze the hour-to-hour 


variations of a number of physiological processes occurring in plants. 
It is desirable, therefore, to choose a definite type of diurnal cycle of en- 


vironmental factors as a reference standard in terms of which to discuss 
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44. Daily variations in certain environmental factors on a “standard dav ’’ 

(Light intensity measured at horizontal incidence.) 


daily xanations in tlie rates of various processes. For this purpose we 
shall seler a repre.sentativc summer day” as our criterion. We shall con- 
sider this hypothetical day to he characterized by a sky which is cloud- 

intelv T I ^ at approxi- 

mately the field capacity, Chap. XIII), and a maximum temperature 

L cveS'd -1 Furthermore we will assume that 

wind vt o? ^ radiation, air and soil temperatures, 

upon which the" a mosp leric humidity will be reiiresentative of a day 

discussion we sha 1 refer to these as “standard day conditions” (Fig 44). 

summer "‘^tually be approximated on many 

summer oays in moist temperate zone regions. 
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In all plants which have been studied the stomates exhibit a more or 
less regular periodicity of opening and closing. Their behavior, however, 
even on a given plant, may vary greatly from day to day depending 
upon the daily pattern of environmental factors. Not all of the stomates 
on a plant are necessarily open at the same time, and different stomates 
may differ markedly in their degree of opening at a given time. The ag- 
gregate diffusive capacity of all of the stomates on a plant must there- 
fore be thought of in terms of the two variables of the average degree 
of opening of the individual stomates and the number of stomates which 
are open. 

As a rule, under the conditions prevailing on a “standard day,” the 
stomates of most mesic species of plants are open all or most of the day- 
light period and closed at night, their maximum diffusive capacity being 
attained during the midday hours. The stomates open in the morning 
under the influence of the light factor. Alaximum opening of the stomates 
considered in the aggregate usually occurs in less than an hour; some 
individual stomates may attain a maximum d(‘gree of opening veiy 
quickly, often within an interval of a very few minutes. Under standard 
day conditions, however, the water content anfl turgor of the leaf cells 
usually decrease progressively during most of the daylight period. Be- 
cause of this internal water deficit which develops within the leaf, stoma- 
tal closure usually begins during the midday hours. Closure of the 
stomates is often virtually complete before the advent of darkness, be- 
cause of the predominant effect of the water factor over the light factor 
during the afternoon hours. Although under some conditions stomates 
may close very rapidly, in general, under standard day conditions, their 

closing occurs more gradually than their opening. 

Innumerable other types of daily cycles of stomatal behavior are pos- 
sible, a few of which will be described briefly. The diffusive capacity of 
the stomates often rises to a mid- or late morning maximum, decreases 
markedly during the midday hours, rises to a secondary maximum during 
the early afternoon, and finally falls to a virtually zero value at approxi- 
mately the termination of the daylight period. The stomates apparently 
behave in this way when a water deficit develops in the leaves somewhat 
earlier in the day than under standard day conditions. Partial closure 
of the stomates results during the morning hours. The resultant reduction 
in their diffusive capacity permits an increase in the water content of the 
leaf, and for a time the stomatal apertures again widen. Subsequently 
the water deficit of the leaf increases again, because of increased tran- 
spirational loss, and the stomates enter upon a second cycle of closing 
which usually continues throughout the remainder of the daylight period. 
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When the soil water supply is (iistinetly inadequate the stoinates usu- 
ally open incompletely and seldom remain open for the entire daylight 
period. Although with the advent of daylight the light factor favors 
stomatal opening, especially on clear days, the water content of the leaf 
is so low that opening is sehhtm complete. Furthenuore, the effect of the 
water factor usually begins to predominate over the light factor rela- 
tively early in the day, and stomatal closure may be complete by mid- 
day or even sooner. During prolonged droughts the stomates generally 
close progressively earlier and earlier each day, and ultimately matinal 
opening may cease almost entirely. 

On cloudy or rainy days, especially if the temperature is relatively low, 
the stomates of most species oi)en less com|)letely than on clear days 
when the soil is well supplied with water. This results principally from 
the ineffectiveness of the light factor in inducing stomatal opening under 
such conditions. Hence opening of the stomates is incomplete and they do 
not remain open as long under such meteorological conditions as on a 
“standard dav.” 

During much of the time throughout the winter months in the higher 
latitudes the stomates of evergreens remain closed. Although low tem- 
peratures are undoubtedly the chief causal agent in maintaining the 
stomates in the closed state under such conditions, the relatively low leaf 
water contents usually prevailing at low temperatures may be a contribu- 
tory factor. 

Nocturnal opening of the stomates has been reported for a number of 
species (Loftfield 1921, Desai 1937, and others). In other species, of 
which maize and other cereals may be mentioned as examples, it has 
never been possible to demonstrate the occurrence of night opening of the 
stomates. Apparently this type of stomatal behavior can be brought about 
by different combinations of environmental conditions, and it seems likely 
that the conditions leading to nocturnal opening of the stomates may 
differ according to species. The prevalence of high temperatures, espe- 
cially at night, appears quite definitely to be one of the environmental 
conditions which favors this phenomenon. The stomates of manv tropical 
species remain open during the hours of darkness (Faber, 1915). In north- 
ern latitudes the near-daylight conditions prevailing during the night 
hours of summer months favor maintenance of the stomates in the open 
condition at night (Stalfelt, 1929). A reduced partial pressure of oxygen 
in the atmosphere has been shown by Scarth et al (1933) to lead to 
stomatal opening in the dark. This result suggests that a reduced partial 
pressure of oxygen in the intercellular spaces as a result of night respira- 
tion may sometimes induce nocturnal opening of the stomates. 
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DISCUSSION QUESTIONS 

1. Would you expect the amount of diffusion per unit time through a multi- 
perforate septum to approach more nearly that of an open surface of equal area 
'f the gradient of the diffusing gas is steep or if it is gradual Explain. 

2. Can the size and spacing of the pores in a rnultiperfortte membrane ever 
be such that the diffusion through the membrane would be e(jual to that from 
an open surface of the same area as the membrane? 

3. Calculate the percentage of the area of the lower epidermis of a geranium 
leaf 60 cm.- in area through which diffusion could occur if ;dl the ."tomates are 
fully open {see Table 13). 

4. Explain why benzene will penetrate rapidly into the intercellular s])aces 
through open stomates when a leaf is brought into contact with it, but water 
will not similarly penetrate unless applied with considerable force. 

5. The intercellular spaces of leaves immer.^ed in recently boiled water often 
become quiekly infiltrated with liquid water, but this does not usually happen 
to leaves immersed in water drawn from a tap. Exjilain. 

6. What are some of the reasons why there is usually very little correlation 

between the number of stomates per unit area of a leaf, and its rate of transuiri- 
tion? ‘ ^ ' 
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The rate of transpiration of a plant or any leaf on a plant varies from 
(lay to day, from hour to hour, and, freciuently, from minute to minute. 
Variations in the rai)idity with which water-vapor is lost by plants re- 
sult from the effects of environmental factors upon pliysiological condi- 
tions within the plant. The important environmental factors influencing 
the rate of transpiration are: (1) solar radiation, |2) humidity, (3) tem- 
perature, (4) wind, (5 1 soil conditions influencing the availability of 
water, and (6) atmospheric prc'ssure. This last factor is relatively much 


less important than the other five listed. Iiile the general eftect of vari- 
ations in the intensity or magnitude of each of tiiese factors upon tran- 
spiration is well known and has fr(‘C|ucntly been demonstrated by experi- 
mentation, the precise mechanism of the effect of each is not so easily 
amenable to experimental treatment. The following interpretation of the 
mechanism of the effects of these environmental factors upon the rate of 
transpiration is therefore a somewhat theoretical one, but is in accord 
with the experimental data available at the present time. 

Solar Radiation. — This term refers to the visible light and other forms 
of radiant energy (infrared and ultraviolet radiations) reaching the earth 
from the sun (Chap. XVH). The principal effects of solar radiation upon 
transpiration result from the influence of light upon the opening and 
closing of the stomates. In most of the species of plants which have been 
studied the stomates are usually closed in the absence of light, thus caus- 


ing a virtually complete cessation of stomatal transpiration during the 
hours of darkness. Since none of the other environmental factors can 
have any influence upon stomatal transpiration except when the stomates 
are open, light occupies a position of prime importance among the envi- 
ronmental conditions influencing transpiration. 

A second important effect of solar radiation upon transpiration operates 
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through its influence on leaf temperatures. This effect will he analyzc'd 
later in this chapter. 

Humidity. — Several units are used for designating the humidity condi- 
tions of an atmosphere. One of these is the actual vapor pressure of the 
atmosphere. This should not be confused with the mturafion vapor pres- 
sure (Chap. IX). Since the rates of diffusion and evaporation are influ- 
enced directly by the vapor pressure of the atmosphere, this is usually 
the most satisfactory" unit in M’hich to express humidity values for physio- 
logical purposes. 

A more familiar humidity unit is the relative humidity, which is the 
percentage saturation of an atmosphere. Since, at a given temperature, 
the vapor pressure of an atmosphere is proportional to the concentration 
of water-vapor molecules present, the relative humidity is equal to the 
ratio of the actual vapor pressure of the atmosphere to its saturation 
vapor pressure at the same temperature. For example, a saturated atmos- 
phere at 30°C. has a vapor pressure of 31.82 mm. Hg; its relative hu- 
midity is 100 per cent. If only half the amount of vapor is present that 
would be present at saturation at this temperature, r.e., if the vapor pres- 
sure is 15.91 mm. Hg., then the relative humidity of the atmosphere is 
50 per cent (Table 15). Change in cither the vapor pressure or the tem- 


perature of an atmosphere will result in a change in its relative humidity. 
Change in vapor pressure at constant temperature results in a propor- 
tionate change in relative humidity. Increase in temperature, unaccom- 
panied by a change in the amount of water-vapor present, results in a 
decrease in the relative humidity of an atmosphere, because of the in- 
crease in saturation vapor pressure. Contrariwise, decrease in tempera- 
ture of an atmosphere, without any accompanying change in water-vapor 
content, results in an increase in relative humidity. 

Expression of humidity values in terms of relative humidity although 
a common practice, is unsatisfactory for physiological purposes because 
the same relative humidity, 50 per cent for example, may refer to widely 
different vapor pressures (Table 15). For a relative humidity of 50 per 
cent at 10 C., the vapor pressure is only 4.60 mm. Hg. whereas that for a 
saturated atmosphere at the same temperature is 9.21 mm Hg The dif 
ference between these two values-4.61 mm. Hg.-is an' index of the 

and Th? 1 pressure gradient between an evaporating surface 

however the difference between the saturation vapor pressure at an 

tioffrom w ^ humidity of 50 per cent, evapora- 

C. than at 10 C. Only when all relative humidity values are recorded 
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at the same temperature are they an expression of relative differences in 
vajior pressures. 


In general, the greater the vapor pressure of an atmosphere, other fac- 
tors remaining unchanged, the slower the rate of transjuration. AVhen- 
ever the stoniates are open the rate of diffusion of water-vapor out of a 
leaf dejienfls upon the difference between the A'apor pressure in the inter- 
cellular spaces and the \'apor pressure of the outside atmosphere, since 
tlie vapor ju'essure is a measure of tlie diffusion pressuie of the water- 
vapor. Let us su])pose that the \'apor jiressurc of tlie intercellular spaces 
is 31.82 mm Ilg. which is the value for a saturatcfl afmosjihere at 30°C. 


TABIR 15 IHE RKIATIOM BETWEEN RELATIVE HUMIDITY AND VApOR PRESSURE AT 

DIFFERENT TEMPERATURES 


Temper- 

ature 


Actual vapor pressure (m 

m. Hg) 

at indicated relative humidity 


°C. 

'’F. 

0 

10% 

20V0 

3^'0 

40^0 

50U0 

60% 

70% 

80^0 

90% 

100% 

0 

32 

0 

0. 46 

0. 92 

*■37 

* 83 

2. 29 

2.75 

3 21 

3 66 

4.12 

4.58 

5 

41 

0 

0 65 

* 3 * 

I 96 

2. 62 

3-27 

392 

4.58 

5 23 

5.89 

6.54 

10 

50 

0 

0. 92 

I. 84 

2 76 

3 68 

4 60 

5-53 

6.45 

7-37 

8. 29 

9.21 

15 

59 

0 

1.28 

2.56 

3 84 

5*2 

6. 40 

7-67 

8.95 

10.23 

II. 51 

12.79 

20 

68 

0 

*■75 

3 5 * 

5. 26 

7.02 

8 77 

10. 52 

12. 28 

*4 03 

* 5-79 

* 7-54 

25 

77 

0 

2.38 

4 75 

7 - *3 

9 50 

11.88 

14. 26 

16 63 

19.01 

21.38 

23.76 

30 

86 

0 

3 18 

6.36 

9 55 

*2.73 

*5 9 * 

*9.09 

22. 27 

25.46 

28. 64 

31.82 

35 - 

95 

0 

4.22 

8.44 

12 65 

16. 87 

21.09 

25 3 * 

29 53 

33 74 

37 96 

42.18 

40 

1 04 

0 

5 53 

11.06 

16. 60 

22 13 

27.66 

33 *9 

38 72 

44 25 

49 79 

5532 

45 

>*3 

0 

7 *9 

*4 38 

21 56 

VO 

r-- 

00 

35 94 

43 *3 

50-32 

57 50 

64. 69 

71.88 

50 

122 

0 

9-25 

18. 50 

27 75 

37-00 

46, 26 

55 5 * 

64.76 

74.01 

83 26 

92.5* 


Such a vapor pressure is frequently attained in the internal air spaces 
of leaves. Let us further assume that at tlie same time the vapor pressure 
of the atmosphere is only half as great (15.91 mm. Hg.). Such a value 
would l)c a representative one for a warm summer’s day in the eastern 
United States. In very quiet air the vapor pressure in the neighborhood 
of transpiring leaf surfaces may be greater than that in the atmosphere 
in general but in this discussion it is assumed that there is sufficient air 
movement to prevent any appreciable accumulation of water-vapor in 
the vicinitv of the leaves. 

Under the conditions as stated diffusion of water-vapor would occur 
through open stomates at a relatively rapid rate. If the vapor pressure of 
the atmosphere were lowered below this value, the rate of diffusion of 
water-vapor out of tlie leaf would be increased; conversely, increase in 
tlie vapor pressure of the atmosj^here would result in a decrease in the 
diffusion rate of water-vapor oni of rht* ic.-if. Similarly, an increase in the 
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vapor pressure of the intercellular sjiaces would result in an increase in 
the rate of transpiration, whereas a decrease in the \'apor pressure of 
the intercellular spaces relative to that of the atmosphere would ha^'e the 
opposite effect. On the rare occasions when the vapor pressures of the 
atmosphere and of the intercellular spaces are equal, no transpiration will 
occur, even if the stomates are open. 

Martin (1943) found the transpiration rate of sunflower {Heliantluis 
amuLus) and ragweed (Ambrosia trifida) in the dark, but with open 
stomates, to show a linear relation to the relative humidity of the atmos- 
|)here at 27° and 38°C. The rate at a relative humidit}' of 50 per cent, 
for example, was about twice the rate at a relative humidity of 75 per 
cent. These results are in agreement with the foregoing theoretical dis- 
cussion, since, assuming a saturation or near saturation vapor i)ressure in 
the intercellular spaces, which the conditions of the exi)eriment favored, 
the vapor-pressure gradient from the intercellular spaces to the outside 
atmosphere would be about twice as great at 50 per cent relative humid- 
ity as at 75 per cent relative humidity. 

Temperature Effects on Transpiration. — 1. Thermal Relations of Leaves. 
— While leaf temperatures^ often do not deviate greatly from surround- 
ing atmospheric temperatures, the discrepancy between the two is often 

sufficiently great to make it necessary to take it into account in careful 
experimental work. 


Theoretically the temperature of a leaf may be regarded as conditioned 
by four different influences: (1) thermal absorption, (2) thermal emis- 
sion, (3) internal endothennic (energ>'-storing) processes, such as photo- 
synthesis and transpiration, and (4) internal exothermic (energy-releas- 
ing) processes such as respiration. The influence of this last factor upon 
leaf temperatures is practically always negligible and will be disregarded. 
(C/. Chap. XXI for examples in which internally produced heat of res- 
piration does influence the temperature of plant organs.) Similarly the 
quantity of energy transformed in photosynthesis is relatively so small 

that it need not be considered in evaluating the factors determining the 
temperature of leaves. ^ 


Thermal emudon refers to the loss of heat from a leaf by the proce.sses 
of eonduclion, convection, and radiation (Brown and Escombe, 1905 ) 

t.r eeZer ..d'clSf." S', '.ty" ' elfTS 

electrical Dotential i<a cpf nr^ ^ toppei ana nickel). A difference of 

the magnitude of which is verv nc-Trl wires brought into intimate contact, 

the thermocouple. In actual practice ^two^'iunct-^'^'*^'' temperature of 

inserted info the leaf blade the other K are generally used, one being 

0”C. The difference in potential bet ® temperature, usually 

with a potentiometer and is an inrle.ro" the Z temperature" " 
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Thermal absorption refc'ns (o tlie gain of energy hy a leaf by these same 
physical processes. 

Heat transmission which is brought about by intermolecular contacts 
is known as (thermal) conduction. The greater the temperature difference 
between a leaf and its environment the more rapidly conduction of heat 
will occur from the leaf to tlie gases of the atmosphere, if its temperature 
is the higher, or in the oi')i)osite direction if the temperature of the atmos- 
phere is the higher. 

AVhenever loss of heat is occurring by conduction from a leaf to adja- 
cent gas molecules of the atmosphere, convection currents (Chap. V) are 
set up in the atmosphere in the vicinity of the leaf. Cooler gas will dis- 
place the gas in the vicinity of the leaf surfaces which has become warmed 
as a result of thermal conduction from the leaf. This accelerates the rate 
at which conduction can occur from the leaf. 

Barbation is the transfer of radiant energy across space. Tlie best known 
types of radiant energy are light, infrared radiations (“heat waves”), 
and ultraviolet radiations. Radiant energy is commonly pictured as being 
proiiagated across space in the form of undulatory waves (see Chap. 
XVII for discussion of another concept of the nature of radiant energy). 
Radiation occurs from the molecules of one body to those of another 
only if the radiating body is at a higher temperature than the receiving 
body. Thus light, infrared and ultraviolet radiation are transferred from 
the sun to the earth. In a like manner a warm stove loses heat by radia- 
tion of invisible infrared to its environment. Radiation which occurs 
from leaves is also in the infrared range of wave lengths. 

Leaves exposed to strong solar or artificial radiation usually have tem- 
peratures from 2° to 10°C. (sometimes even more) in excess of that of 
ihe atmosphere. Thermal absorption — in this case direct absorption of ra- 
diant energy — proceeds under such conditions at a rapid rate. A portion 
of the absorbed radiant energy is dissipated (usually) by transpiration, 
and a portion is lost from the leaf by thermal emission. That part of the 
absorbed energy which is retained by the leaf goes to raise its tempera- 
ture. As already shown in Chap. IX, transpiration is usually inadequate 
to dispose of all absorbed energy if the leaves are exposed to strong in- 
solation. Under such conditions a considerable proportion of the absorbed 
radiant energy is lost by thermal emission. In- general, the lower the rate 
of transpiration for a given rate of thermal absorption by leaves, the 
larger the proportion of energy disposal which will be accomplished by 
thermal emission. 

On cloudy days the temperature of leaves seldom deviates very greatly 
from that of the enveloping atmosphere. Heat exchanges between a leaf 
and its environment under such conditions probably occur principally by 
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conduction. Similarly, at night the temperature of leaves usually does 
not deviate greatlj’' from that of the atmosphere. 

Leaves sometime have a lower temperature than the surrounding at- 
mosphere. This is generally true, for example, for leaves in the shade or 
leaves exposed to sunlight of low intensity which are transpiring fairly 
rapidly. Such leaves are often cooler by several degrees centigrade than 
the atmosphere. It is also possible for leaves to sometimes lose heat en- 
ergy by direct radiation to their environment rapidly enough to result 
in a lowering of their temperature below that of the atmosphere (Curtis, 
1936a). This is especially likely to occur on clear nights when the vapor 
pressure of the atmosphere is low. These conditions favor direct radia- 
tion from the leaves to the sky, i.e., to the relatively cold gases of the 
upper atmosphere. 


The temperature of leaves is constantly fluctuating, especially during 
the daylight hours. Minor fluctuations in leaf temperature result largely 
from shifts in wind velocity. An increase in wind velocity facilitates heat 
exchange between the leaf and the atmosphere and hence tends to bring 
the temperature of the leaf more nearly to that of the atinosjihere. In- 
crease in wind velocity therefore results in cooling a leaf which is warmer 
than the surrounding air. Intermittent sunlight also results in frequent 
shifts in leaf temperature. Each time the sun is obscured by a cloud there 
is usually a distinct droji in the temperature of leaves which had been 
exposed to direct sunlight ; each time the sun emerges from behind a cloud 
there is usually a distinct rise in the temperature of such leaves. 

The factors which control the temperatures of other organs of plants 

are in general similar to those which influence leaf temperatures. The 

temperature of fleshy leaves, fruits, tree trunks, and succulent stems such 

as those of cacti may, under direct insolation, often greatly exceed those 

of the surrounding atmosphere. The side of an apple fruit exposed to 

duect sunlight, for example, may have a temperature of from 12° to 25°C. 

higher than the air temperature (Brooks and Fisher, 1926) Similarly 

the temperature at the center of cotton bolls exposed to full solar radit’ 

tion IS commonly 6° to 8°C. above that of the air. The temperature of 

even such an internal tissue shows an immediate and marked shift with 

changes in the intensity of solar radiation, such as those caused by inter- 
mittent cloudiness (Anderson, 1940). 

2 The Influence of Temperature upon Transpiration iJates.— The ef- 

l?rlv transpiration can be most 

sur!^ h difference in vapor pres- 

ner spaces and the outside atmosphere (Ren- 

TTn Tn 1 1 He * j I it is again assumed that the air 

m.n IS su cient to prevent any appreciable accumulation of 
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water-vapor in the vicinity of the leaf surfaces. Suppose that the tem- 
perature of a leaf with open stomates and the surrounding atmosphere 
both increase from 20° to 30°C. Unless the leaf is markedly deficient in 
water this will result in an increase in the vapor pressure of the inter- 
cellular spaces from approximate!}’’ 17.54 mm. Hg to approximately 31.82 
mm. Hg, these being the values for saturated atmospheres at 20° and 
30°C., respectively. The atmosphere of the leaf intercellular spaces is in 
direct contact with the relatively extensive evaporating surface of the 
mesophyll cell walls, hence the vapor pressure in the intercellular spaces 
tends to remain in equilibrium with the water in the mesophyll cells. In 
order to simplify this part of the discussion, it will be assumed that the 
atmosphere of the leaf intercellular spaces maintains essentially a satu- 
ration vapor pressure for the prevailing leaf temperature. Under many 
conditions, as discussed later in this chapter, it seems certain that the in- 
tercellular spaces are not maintained in even a near-saturated condition. 

In the surrounding atmosphere, however, vapor pressure conditions 
are very different. On clear days, that is, on the very type of day upon 
which the highest rates of transpiration occur, there is frequently little 
change in the vapor pressure of the atmosphere over land surfaces during 
the course of a single day.^ Evaporation into the atmosphere is insufficient 
to permit a rapid building up of the vapor pressure toward the value for 
a saturated atmosphere as the temperature of the air increases during 
the day. It might be thought that the process of transpiration itself, oc- 
curring on a grand scale from a vegetation-covered area of the earth s 
surface, would be sufficient to increase the vapor pressure of the lower 
layers of the atmosphere during the daylight hours. The atmosphere is 
so vast, however, in relation to the amount of water-vapor lost by plants 
that, over short periods, transpiration has only a slight effect on its vapor 
pressure except probably in some local habitats in which free movement 
of the air is impeded for one reason or another. 

Increase in the temperature of the atmosphere does result in an increase 
in the speed of the water-vapor molecules present. If the volume of the 
atmosphere remained constant this would result in a small increase in its 
vapor pressure. But even this effect is never fully realized in the atmos- 
phere because an increase in temperature also results in an expansion of 

“This statement should not be misinterpreted to read that the vapor pressure of 
the atmosphere is invariable. The magnitude of the vapor pressure of the atmosphere 
varies greatly from day to day and from season to season, depending upon the pre- 
vailing climatic conditions. On cloudy or rainy days, the atmospheric vapor pressure 
is generally greater than on clear days during the same sea.son ; in the summer mont is 
it is generally greater than in the winter months, etc. Nevertheless the statemen 
made above that on clear, bright days there is often little change in the vapor pres- 
sure of the atmosphere is essentially correct (Day, 1917). 
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the atmosphere, entirely or largely offsetting its inffuence in increasing 
vapor pressure. 

If we assume, for the purpose of our specific example, that the vai)or 
pressure of the atmosphere at 20°C. was half that of a saturated atmos- 
phere at that temperature — 8.77 mm. Hg — then the excess vapor pressure 
of the leaf over that of the atmosphere at 20°C. was 8.77 mm. Hg (17.54 
— 8.77). At 30°C., however, the vapor pressure of the intercellular spaces 
would have increased to about 31.82 mm. Hg while tlie increase in the 
vapor pressure of surrounding atmosphere would in most situations oe 
so small that it can be disregarded in analyzing the effect of temperature 
upon transpiration. The excess vapor pressure of the intercellular spares 
over the atmosphere is now 23.05 mm. Hg (31.82 — 8.77) which will re- 
sult in diffusion of water-vapor out of the leaf at a rate nearlv three times 
as fast as at 20°C. The effect of a rise in temperature therefore is pi’in- 
cipally an increase in tlie steejmess of the diffusion pressure gradient 
(vapor-pressure gradient) of water-vapor througli the stomates, and 
hence an increase in the rate of transpiration. 

So far we have considered only examples in which the temiierature of 
a leaf and the surrounding atmospheres are the same. We have already 
noted, however, that the temperature of leaves exposed to direct sunliglit 
is usually higher than that of the atmosphere. If the temiicrature of a 
leaf is increased above that of the surrounding atmosphere by the ab- 
sorption of solar radiation, the usual effect is an inciease in the magnitude 
of the excess vapor pressure of the intercellular spaces over tliat of the 
outside atmos])here. At 30'’C. under the conditions stated, the vapor- 
pressure difference between the intercellular spaces and the atmosphere 
was about 23.05 mm. Hg. Suppose, however, that, as a result of the ab- 
sorption of radiant energy, the temperature of the leaf is 35°C. while 
that of the atmosphere remains at 30°C. Water would evaiiorate from 
the walls of the mesophyll cells until the vapor pressure in the intercellu- 
lar spaces approximates that of a saturated atmosphere at 35'’C (42 18 
mm. Hg). The gradient between the intercellular spaces and the' atmos- 
phere IS therefore increased to about 33.41 mm. Hg (42 18 - 8 77) and 
the rate of transpiration is correspomlingly increased (Curtis,' 1936b), 

_ The rate of diffusion of water-vaimr out of a leaf through the stomates 
IS also influenced by temperature. In general, the higher the temperature 
for a given gradient, the greater the rate of diffusion. Because of the low 

wil^tl e effl 5 i" significance as compared 

W*nd. The effect of wind upon the rate of transpiration is far fr- 


•t)hi 
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simple and depends in part upon the other prevailing environmental con- 
ditions. Usually, however, increase in wind velocity, within limits, results 
in an increase in the rate of transpiration (Wrenger, 1935). This is usually 
explained by assuming that water-vapor often accumulates in the vicinity 
of transpiring leaves in a quiet atmosphere, especially if they are not 
exposed to direct sunlight. The result of such an accumulation of water- 
vapor is a decrease in the steepness of the vapor-pressure gradient through 
the stomates and hence a decrease in the rate of transpiration. If, how- 
ever, the leaves are exposed to a wind, any accumulation of water-vapor 
molecules in the immediate vicinity of the leaf surfaces wdll be dispersed. 
The effective result will be an increase in the steejmess of the vapor-pres- 
sure gradient through the stomattvs, and a consequent increase in the 
rate of loss of water-va[)or. 



WIND VELOCITY IN MILES PER HOUR 


Fig. 45. Relation between wind velocity and rate of transpiration of sunflower 
expressed as ratio between plants in wind (T^,) and plants in quiet air (Tg). 

Data of Martin and Clements (1935). 

Whenever a temperature differential exists between a leaf and the sur- 
rounding atmosphere, convection currents are set up in the gases in the 
vicinity of a leaf which may largely or entirely prevent any accumula- 
tion of water-vapor in the immediate vicinity of the leaf. The influence 
of wind in raising the transpiration rate of leaves is probably more effec- 
tive, therefore, when they are subjected to such conditions that their 
temperature does not depart appreciably from that of the surrounding 
atmosphere. The swaying of branches and shoots, and the bending, twist- 
ing, and fluttering of leaf blades in the wind also contribute to higher 
rates of transpiration in moving than in quiet air. It has been shown ex- 
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perimentally that immobile leaves usually transpire less than similar 
leaves allowed to bend and move freely when both are exposed to wind 
of equal velocity. Such bending and contortion of leaves may increase 
the rate of water-vapor loss in part by compressing the intercellular 
spaces, thus forcing water-vapor and other gases out through the stomates. 

A gentle breeze is relatively much more effective in increasing the 
transpiration rate than winds of greater velocity (Fig. 45). Winds of 
very high velocity have been observed to have a retarding effect upon 
transpiration. This probably results from closure of stomates under such 
conditions. Wind may also exert indirect effects on the rate of transpira- 
tion through its influence on the temperature of the leaves, as j)reviously 
described. 

Soil Conditions Influencing the Availability of Water. — Although tran- 
spiration can continue for short periods at rates considerably in excess 
of the rate of absorption of water (Chap. X^’), in general, if soil condi- 
tions are such that absorption of water is appreciably retarded, the rate 
of transpiration will soon show a corresponding retardation. The avail- 
ability of soil water to the plant is therefore an important and, in fact, 
often the limiting factor in transpiration. The princijial soil factors which 
affect the rate of absori)tion of water by plants are: (1) available soil 
water, (2) soil temperature, (3) aeration of the soil, and (4) concentra- 
tion of solutes in the soil solution iCliap. XIV). All of these factors in- 
directly influence the rate of transpiration. 

Atmospheric Pressure. — It has been demonstrated experimentally that 
a reduction in atmospheric pressure results in an increase in the rate of 
transpiration (Sampson and Allen, 1909). This result would be predicted 
theoretically since reduction in the density of the atmosphere would be 
expected to permit diffusion of water-vapor to occur into it more rapidly. 
In any given locality variations in atmospheric pressure are too slight 
to have any significant effect upon the rate of transpiration. Plants grow- 
ing at high altitudes are subjected to distinctly lower atmospheric pres- 
sures than the plants of lowlands, and in comparative evaluations of the 
transpiration rates of species growing in these two types of habitats the 
iniluence of this factor must be considered. 

Effects of Structural Features of Plants on the Rate of Transpiration.— 

ifferent kinds of plants, even when growing side by side under virtually 
Identical environmental conditions, may have veiy different rates of tran- 
spiration In part, such differences in transpiration rate from one kind of 
a plant to another result from species differences in internal processes 
conditions such as osmotic pressures of the leaf cells, imbibitional 
capacities of the protoplasm and cell walls, and behavior of the stomates. 
Structural differences, particularly in the leaves, in phrt f or 
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unlike rates of Avator-vapor loss from plants of different species growing 
in the same environment. It has pi’oved impossible, however, to draw 
correct inferences regarding the relative rate of transpiration of a plant 
on tlie basis of its observed anatomical peculiarities. Many species which, 
on the basis of their distinctive structural features, have been judged to 
have a low rate of transpiration, proved upon experimentation to tran- 
spire A'ery rapidly when environmental conditions Avere faAmrable. 

Certain structural features of i)lants influence the rates of both stomatal 
and cuticular transi>iration. The total leaf surface of the plant is one such 
factor. The distribution and gross morphology of the root system is an- 
other. In a habitat where deep-rooterl and shallow-rooted plants groAv 
side l)y side, the former may transpire more rapidly than the latter during 
drought periods because their roots penetrate to a .soil horizon which still 
contains aA'ailable water, Avhile those of the shalloAv-rooted plants are in 
a moisture deficient soil. Tlic completeness with Avhich the soil mass is 
interpenetratcfi by roots may also influence the rates of water absorption 
anrl hence of transpiration. Sorghum, for example, has almost twice as 
many fibrous roots as maize (Miller, 191fi). Rates of Avater absorption 
and transpiration can be better maintained, especially in relatively dry 
soils, by plants with the sorghum. type of root system tlian by those Avith 
the maize type. For a given kind of plant, a low shoot-root ratio (Chap. 
XXXIII) is more favorable t(t the maintc’nance of relatively high rates 
of transi)iration than a high shoot-root ratio. 

The rates of cuticular transpiration arc undoubtcdl}’' held to a low 
value in many species by the cutin layer it.self as well as by leaf coatings 
of Avaxy or resinous substances which are present on many kinds of plants. 
The presence of dead epidermal leaf hairs also contributes to maintenance 
of low rates of cuticular transpiration, but living cfudermal hairs have 
the contrary effect. The presence of flead epidermal hairs on the leaf may 
also have a retarding effect on the stomatal transpiration of some species, 
but Sayre (1920) could find little evidence for such an effect in the leaves 
of mullein {Verbascum thapms). 

Rates of stomatal transpiration are influenced by the size, spacing, 

* 

distribution, and structural peculiarities of the stomates. In some species 
the stomates arc sunken below' the general level of the epidermis (Fig. 
37D). In general, this should result in a slower rate of diffusion than 
through stomates of the nonsunken type because of the greater length of 
the diffusion gradient of water-vapor through sunken stomates. The area 
of the internal e\’aporating surface of the mesophyll cell walls in pro- 
portion to the surface area of the leaf probably has an influence on the 
rate of stomatal transpiration, at least under some conditions. Values 
ranging from fi.8 to 31.3 have been olitained for the ratio of internal 
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exposed surface area to external surface area in leaves of a number of 
species (Turrell, 1936). The ratio is, in general, higher for xeromorjihic 
than for mesomorphic leaves, and for leaves of a given species whieii 
developed under xeric conditions as contrasted with leaves of the same 
species grown under mcsic conditions. Turreli (1944) has shown that 
xeromorphic leaves of oleander (Xerium oleander), with relatively high 
internal-external surface ratios, transpire more rapidly than the meso- 
morphic leaves of periwinkle {Vinca rosea), with lower internal-external 
surface ratios. It was also clear from the results, however, that the higher 
internal-external surface area of the oleander leaves was not the only 
factor responsible for their higher transpiration rates. 

The Daily Periodicity of Transpiration. — All plants exhibit a daily peri- 
odicity of trans]'>iration late wliich varies somewhat with the species and 



Fig. 46. Daily periodicity of transpiration of albdfa on 3 .successive days under 
approximately standard-day conditions. Transpiration expressed as grams per 
hour per 6-foot square plot of alfalfa (average of two plot.^). Data of Thoma.- 

and Hill (1037). 


is greatly influenced by the environmental conditions to which the plant 
is exposed. We shall first consider the transpiration periodicity upon a 
standard day as defined in the preceding chapter, since most experiments 
tipon daily variations in transpiration rates have been conducted upon 
plants growing under approximately such conditions (Briggs and Shantz, 
1916; Thomas and Hill, 1937; and others). 

During the hours of darkness the transpiration rate (Fig. 46) is gen- 
erally low, and in most species water loss during this period may be 
regarded as almost entirely cuticular. It is not justifiable to assume that 
absolutely no stomatal transpiration occurs at night in any species unless 
this is definitely known to be true. In some species of plants, as we have 
already seen, night stomatal opening is a common occurrence, while in 
others it occurs under certain environmental conditions. Even in those 
species in which the stomates arc normally closed during the hours of 
darkness, a few inay remain open. The transpiration rate show’s a steady, 
an usually consistent, rise during the morning hours which culminates 
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in a maximum rate which is most commonly attained during the early 
hours of the afternoon. 


Pollowing this peak of transpiration, the rate decreases, usually con- 
sistently, until the low and virtually steady night rate is attained at ap- 
}>roximately the termination of tlie daylight period. 

The daily j)erio(licity in tlie rate of stomatal transpiration in most 
species of jilants can he interjireted almost entirely in terms of two vari- 
able factors: (I) the diffusive capacity of the stomates, and (2) the 
vapor-pressure gradient between the intercellular spaces of the leaf and 
the outside atmospliere. In analysing the ilaily periodicity of transpira- 
tion it is the diffusive capacity of the stomates in the aggregate (he., all 
of the stomates on a plant) which must be considered. The aggregate 
diffusive ca|)acity of the stomates on a plant on which all of the stomates 
were lialf open, for example, would be much greater than that for a 
similar plant on which half of the stomates were fully open and half 
fully closed. 

ith the advent of daylight the stomates open over a period of time 
which varies in length according to the species and with environmental 
conrlitions. Some ojKm earlier or more rapidly than others. The initial rise 
in the rate of transpiration in tiu* morning is brought about by the open- 
ing of the stomates, resulting in a gradual increase in their aggregate 
diffusive capacity. As each stomate ojK'ns a vapor-pressure gradient is 
established through it between the atmosj>here of the intercellular spaces 
and the outside atmosphere. During the hours of darkness, under stand- 
ard day conditions, the leaf cells increase in turgidity and the intercel- 
lular spaces become saturated with water-vapor. Thus, when the stomates 
open in the morning the vai)()r pressure of the intercellular spaces is *at 
the maximum possible for that leaf temperature. This is, on clear days, 
almost always in excess of the vapor pressure of the atmosphere when 
the stomates open, and often considerably so. Hence outward diffusion of 
water-vapor through the stomates usually begins as soon as they are open. 

Once a stomate is well open, minor variations in the size of the stom- 
atal aperture have relatively little effect on the rate of water-vapor loss 
through it. The rate of transpiration continues to increase, however, for 
some time after the stomates, in the aggregate, have attained their max- 
imum diffusive capacity. This is because of a gradual increase in the 
steepness of the vapor-pressure gradient through the stomates. As the 
day progresses the temperatures of both the atmosphere and the leaf in- 
crease; if the latter is in direct sunlight its temperature is invariably 
somewhat in excess of that in the atmosphere. On clear days, as previously 
described, the vapor pressure of the intercellular spaces usually increases 
relative to that of the atmosphere with a rise in temperature. The steep- 
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ness of the vapor-pressure gradient between the internal atinosplieiv of 
the leaf and the external atmosphere therefore usually inereases pro- 
gressively during the earlier part of the day, and this is the important 
factor accounting for a rise in the transpiration rate once tiie stomates 
have attained approximately their maximum diffusive capacity. 

Almost from the moment when the stomates begin to open in the morn- 
ing, a train of events is set in operation in the plant which ultimately 
causes a reduction in the rate of transi)iration. During approximately tlu- 
first half of the day, however, these factors are more than offset by the 
factors resulting in an increase in the rate of transpiration. In most 
plants, while transpiration is occurring rapidly, the rate of al)sorption of 
water does not keep pace with the rate at which water-vapor is lost from 
the leaves. This results in a reduction in the water content of the entire 
plant, and especially that of the leaves. Under more extreme conditions 
wilting results, but under standard day conditions the leaves seldom pass 
beyond the stage of incApient wilting (Chap. XVl, which corresponds 
only to a partial loss of turgor by the leaf cells. 

In the preceding discussion, in order to simplify analysis of the dy- 
namics of stomatal transpiration, we have always assumed that the inter- 
cellular spaces are saturated with water-vapor. There arc good reasons 
for believing, however, that with a decrease in the water content and 
turgidity of the leaf cells, that intercellular vapor pressures are reduced 
to considerably less than saturation values. The results of Thut (1939) 
offer experimental supj^ort for such a view. 

The increase in the diffusion-pressure deficit of the leaf cells which 
accompanies a decrease in their turgidity would result in a lowering of 
the vapor pressure of the intercellular spaces, but this effect is small, the 
decrease in vapor pressure being only about 2 per cent, for example, for 
a rise in diffusion-pressure deficit of 25 atm. 

Of probably greater influence in reducing the vapor pressure of the 
intercellular spaces is the reduced permeability of the cell walls to water 
resulting from the increase in the osmotic pressure of the leaf cells which 
accompanies decrease in their water content (Boon-Long, 1941). Such a 
reduction in cell-wall permeability may prevent passage of water across 
the walls with sufficient rapidity to permit maintenance of an equilibrium 
vapor pressure between the cell sap and the outer surface of the cell walls. 
The vapor pressure of the intercellular spaces will be correspondingly 
reduced, the steepness of the vapor-pressure gradient between the inter- 
cellular spaces and the outside atmosphere decreased, and the rate of 

ranspiration diminished. The greater the decrease in the water content 
of the leaf, in general, the greater this effect should be. 

uring the course of a day, however, the steepness of tne vapor-pros- 
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sure gradient through the stomates may be decreased in still another and 
perhaps more important way. When the stomates open in the morning 
the vapor-pressure gradient between the saturated internal l^af atmos- 
phere and the outside atmosphere is short, being approximately equal in 
length to the depth of the guard cells. As ihe day advances the rapid loss 
of water-vapor molecules out of the intercellular spaces, perhaps coupled 
with a gradual reduction in the vapor pressure of the cell walls, makes it 
less and less likely that a condition of saturation or near saturation can 
be maintained throughout the intercellular spaces. The zone in which a 
vapor pressure even approaching a saturation value is maintained almost 
certainly shrinks more and more deeply into the intercellular spaces. 
Eventually it may be restricted to a thin layer just above the evaporating 
surfaces of the mesophyll cell walls. This gradual lengthening of the 
vapor-pressure gradient through the stomates is probably an important 
factor in bringing about a reduction in the rate of transpiration during 
the afternoon hours. 

By late afternoon the air temperature and the intensity of the solar 
radiation begin to decrease appreciably, thus inducing a decrease in the 
temperature of the leaf. This lowering of the leaf temperature may further 
decrease the vapor pressure of the intercellular spaces, and hence further 
depress the steepness of the vapor-pressure gradient, since temperature 
changes have very little influence on the vapor pressure of the outside 
atmosphere under standard day conditions. Thus the effect of a reduction 
in the vapor-pressure gradient through the stomates in decreasing the 
rate of transpiration, which first becomes apparent during the midday 
period, continues with augmented effect as the hours of darkness approach. 

Diminution of leaf water content as a result of an excess of transpira- 
tion over absorption of water also results in a decrease in the turgor of 
the guard cells. This results in a gradual closure of the stomates. Some of 
the stomates on a plant probably begin to close even before the time at 
which the peak rate of transpiration is attained. In all likelihoofl stomates 
near the margin or tip of a leaf begin to close before those in the middle, 
sirxee the effects of a deficiency of water usually appear first in the 
marginal tissues of a leaf. With increasing leaf water deficits gradual 
closure is induced in more and more of the stomates. As a result there is 
a gradual reduction in the aggregate diffusive capacity of the stomatal 
i)opulation of the plant during the afternoon hours. 

The decreasing effects on stomatal transpiration of tlie diminishing 
steepness of the vapor-pressure gradient through the stomates and of 
gradual stomatal closure probably overlap during most of the afternoon 
hours. The relative importance of these two effects in reducing the rate 
of stomatal transpiration varies with environmental conditions and prob- 
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ably also with the kind of plant. At times one of these factors may limit 
the rate of escape of water-vapor through the stomates, at times the other. 
In general, whenever the stomates are appreciably oi)en the steepness of 
the vapor-pressure gradient largely controls the rate of stomata! tran- 
spiration, but as the stomates approach complete closure their diffusive 
capacity becomes the controlling factor. It seems probable that most 
coinmonlv the former of these two factors usually limits stomatal tran- 
spiration during the early afternoon hour^ under standard day conditions, 
while the latter is limiting during the later hours of the afternoon. By 
late afternoon complete closure of virtually all the stomates has occurred 
and stomatal transpiration is terminated. During the ensuing hours of 
darkness the rate of water-vapor loss from the plant is controlled by the 
factors which influence cuticular transpiration. 

Under environmental conditions deviating from those which were pos- 
tulated in the preceding discussion, transpiration periodicity curves may 
be entirely different from those shown in Fig. 46. Variations in tempera- 
ture, light intensity, humidity, and soil water supply may all markedly 
influence both the trend of transpiration periodicity and the magnitude 
of the daily water-vapor loss. 

Low temperatures may result in a complete elimination of stomatal 
transpiration by inducing stomatal closure. 

Low light intensities, such as those existing on cloudy days, are un- 
favorable to stomatal opening in most species. The stomates seldom open 
completely under such conditions and the period during which they are 
open is usually of shorter duration than on clear days. Furthermore, the 
vapor-pressure gradient through the stomates is seldom as steep on such 
days as on clear days, since leaf temperatures never appreciably exceed 
atmospheric temperatures except when exposed to direct sunlight, and 
atmospheric vapor pressures are usually higher during cloudy days than 
on clear days at the same season of the year. The magnitude of tran- 
spiration under such conditions is usually greatly reduced, and transpi- 
ration periodicity curves plotted for plants exposed to such conditions 
usually present a greatly flattened appearance. 


A deficient soil water supply is most commonly the factor which causes 
marked departures from the type of transpiration periodicity already 
considered, especially during the sumnaer months. A reduction in soil 


water content has two pronounced effects upon the daily march of tran- 
spiration. The total daily magnitude of water loss is decreased, and the 
peak of the transpiration curve often occurs somewhat earlier in the day 
than under conditions of abundant soil water supply. Since, even in 
temperate regions, periods of decreased soil water supply are of common 
occurrence during the summer months, and in many habitats are tbe rule 
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rather tliaii the exception, transpiration periodicity curves of this type 

(Fig. 471 are, for many species of plants, much of the time more nearly 
representative than the curves shown in Fig. 46. 

Inteinal factors may also he responsible for transpiration periodicities 
of a different trend from those which have already been discussed. In 
some species of plants, as has already been de.scribed, the stomates re- 
main open to a greater or lesser extent during the hours of darkness. Such 
plants have higher transpiration rates at night than those in which the 
stomates are closed. In some species of cacti there is a complete inversion 



Fkj. 47. Daily 
successive (Jav.s 


jicriodicity of transpiration of bean {Phnseolus t'ulgans) for 3 
during a period when the soil was gradually becoming drier. 

Data of Chung (1035). 


of the usual transpiration periodicity curve, transpiration rates being 

regularly greater at night than in tlie daytime. This appears to be a 

result of a complete or nearly complete stomatal closure during the hours 

of daylight, while the stomates are, as a iTile, open at night (Shreve, 
1916). 

Seasonal Variations in Transpiration Rates. — In temperate regions tran- 
spiration occurs predominantly during the warmer months of the year, 
and especially during those periods of the warm season when the soil 
water supply is abundant. Among the deciduous group of woody peren- 
nials, the branches are defoliated during most of the autumn, all of the 
winter, and the earlier part of the spring. Although the twigs and branches 
w^hich remain exposed to the atmosphere are completely encased in corky 
layers of bark and the buds are enclosed within cutinized bud scales, 
some water loss occurs from such species even during the winter months. 
Young twigs lose water-vapor under such conditions faster than older 
ones. Winter transpiration rates of deciduous w'oody plants are always 
negligible in comparison with summer rates. In most evergreen species 
of either the needle-leaved or broad-leaved type, the transpiration rates 
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do not differ greatly at most times during the winter from the rates for 
deciduous trees at tiiat season (Weaver and Mogensen 1919, Kozlowski 
1943). Failure of the stomates to open as a result of the pievalenee of 
low temperatures is doubtless one of the causes of low winter trans|)ira- 
tion rates in evergreens. The low leaf water contents usually prevailing 
at that season are prohahly also a factor in maintaining the stomates in 
the closed condition during the winter. 

Mild periods of any considerable duration often have a detrimental 
effect upon evergreen species in regions where a cold climate usually 
prevails during the winter months. The warm air temperatures induce 
stomatal opening, and a relatively high rate of transpiration ensues. The 
water in the surface layers of soil may remain frozen, and thus unavail- 
able, during a period of waim air temi)eratu?'es. Even if none of the soil 
water is frozen, soil temperatures will be low, and this greatly retards 
the rate of absorption of water (('hap. XlVi. The combined effect of a 
relatively high transpiration I'ate and relatively low absorption rate re- 
sults in a gradual desiccation of the leaves and branches of the i)lant. 
This diminution in the water content of the aerial organs during warm 
lieriods in winter is more severe in windy weather and is more likely to 
occur if a sequence of mild days follows immediately after a cold spell. 
If severe enough, this desiccation results in the death of some of the 
branches, or in extreme cases of the entire tree or shrub. This is one cause 
of the phenomenon known as winter-killing. Winter-killing resulting 
from desiccation of the tissues should not be confused with cold injury 
resulting from low temperatures, which is a different phenomenon (Chan 

XXX). 
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DISCUSSION QUESTIONS 

1. Plot curves which would be rc])resentative of the daily variations in the 
vapor pressure of the atmosphere: (1) out-of-doors on a perfectly clear summer 
day, (2) out-of-doors on a perfectly clear winter day, (3) in a closed greenhouse 
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well populated with plants on a clear winter day, (4) out-of-doors on a clear late 
spring day with a heavy dew in the morning, (5) out-of-doors during a summer 
day on which a heavy thunderstorm occurs in the late afternoon. 

2. Why is the air of the California and Arizona semi-deserts considered ‘Mry" 
when it contains approximately the same quantity of wator-vajior per unit of 
volume as the “moist” air of the Minnesota lake country? 

3 . Cell A has an osmotic pressure of 30 atm. and a turgor pressiire of 15 atm. 
Cell B has an osmotic pressure of 30 atm. and a zero turgor pressure. Cell C has 
an osmotic pressure of 30 atm. and the water within it is under a tension of 15 
atm. From which of these cells will water evaporate most ra])idly? Least rap- 
idly? Explain. 

4 . If half the leaves were removed from a plant what effect would this have 
on the rate of transpiration per unit area from the remaining leaves? 

5 . Assuming a saturated atmosphere in the intercellular spaces, oi)en stomates, 
and sufficient air movement to prevent accumulation of water-vapor around the 
leaves, which plant will lose water-vapor more rapidly — one in an eiu'ironment 
of 80 per cent relative humidity and dO^C. temperature or one in an environ- 
ment of 80 per cent relative humidity and 20°C. temperature? Exjdain. 

6. Making the same assumptions as in the preceding question which would 
have the greater effect on the rate of transpiration — an increase in leaf tempera- 
ture from 30” to 35”C., or a decrease in atmospheric relative humidity from 80 
to 60 per cent, air temperature remaining at 30”C.? Explain. 

7. The following statement is sometimes encountered: “The rate of tran- 
spiration usually increases during the forepart of a summer day because of the 
decrease in relative humidity which occurs during that period.” Evaluate. 

8. A well-watered potted plant is growing under conditions of constant light, 
temperature, and humidity in a current of air from a fan. The fan is turned off 
and the rate of transpiration decreases. After a few minutes the fan is turned on 
again and the rate of transpiration is found, temporarily at least, to be higher 
than just before the fan was turned off. Explain. 

9. When exposed to direct sunlight and otherwise identical environmental 
conditions, which wall become w^armer, a thick leaf or a thin one? Explain. 

10. Will the rate of transpiration at night from a plant on which stomates are 
open necessarily be greater than that from a similar plant under the same con- 
ditions in w'hich the stomates are closed? Explain. 

11 . Can transpiration ever occur in a saturated atmosphere? Explain. 
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THE TRANSLOCATION OF WATER 


^lost terrestrial plants obtain the water which is necessary for their 
existence from the soil. An overwhelmingly large proportion of the water 
which is absorbed by the roots of land ])lants is lost in the process of 
transpiration. Smaller quantities are utilized in growth and in photo- 
synthesis, and in some species limited amounts of water may be lost by 
guttation. Water must therefore move through the intervening tissues and 
organs from the absorbing regions of the root to the tissues in which it 
is utilized, or from which it passes out of the plant. The process whereby 

water moves through the plant is termed the conduction^ transport, or 
translocation of water. 

In herbaceous species and many shrubby plants the distance through 
which water moves in passing from the root tips to the leaves is usually 
not more than a few feet. Even in such plants appearances are sometimes 
deceptive, as some herbaceous and shrubby species such as alfalfa may 
have such deep root systems that some of the absorbed water often 
ascends for distances as great as 20 feet or more before it reaches the level 
of the soil surface. It is in trees, however, that the most striking illustra- 
tions of the upward movement of water occur. The tallest tree of which 
we have an authentic record is a specimen of the Coast Redwood (Sequoia 
sempervirens) which has attained a height of 364 feet (Tiemann, 1935). 
Many other individuals of this species and of several others, including 
the Big Trees (Sequoia gigantea) of California, the Douglas Fir (Pseu- 
dotsuga douglasi) of the Pacific Northwest, and the Blue Gums (Eucalyp- 
tus) of Australia exceed 300 feet in height. Trees ranging from 100 to 
200 feet in height were of common occurrence in the virgin forests of 
eastern North America. Since the root systems of trees always penetrate 
at least a few feet into the ground, the actual vertical distance through 
which at least a part of the water absorbed is elevated is always more 
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than the height of the tree. In trees, therefore, water inu.st aseend to 
heights ranging ii]) to nearly 400 feet above the level of water absorntion. 

The mechanism by which this feat is accomplished in tall trees has 
been the subject of much experimentation and even more sjHH'ulation. 
The ensuing discussion of the “ascent of sap” through jdants will be 
principally in terms of its movement through trees, because much of the 
experimental work on this problem has been performed on woody species. 
Any explanation of this j)henomenon which can be shown to be adecjuate 
for tall trees should also prove satisfactory for vascular species of lesser 
stature. 


The water which moves through plants is not pure, but almost invari- 
ably contains dissolved in it small quantities of inorganic solutes, and 
often organic solutes as well (Chap. XXVII). This dilute solution is often 
called the xylem sap. 

The Path of Water Through the Plant. — Water enters the plant mainly 
through the epidermal cells and root hairs at or near tlie tips of the roots 
and crosses the cortex, endodermis, and a part of the pericycle before it 
finally enters the lumina of the vessels or tracheids of the root xylem 



Fig. 48. Termination of vessels in the mesophyll of an apple leaf. 


(Fig. 67). Once in the xylem ducts its general direction of movement is 
upward. The xylem tissue is continuous from just back of the tips of the 
roots, through the roots, into and through the stems, the jietioles of leaves, 
and ultimately, usually only after much branching, terminates in the 
mesophyll of the leaf (Fig. 48). Thousands of vascular bundles may 
terminate within. 1 cm.^ of leaf area. The xylem tissue through which 
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the wator moves is thus a continuous unit system within the body of 
the plant. Along most of its course the water moves en masse through the 
vessels or tracheids. From the xylem ducts in the leaves the water passes 
into the mcsophyll cells. In the mesophyll it moves from cell to cell, even- 
tually most of it being lost from the cells by evaporation into the inter- 
cellular spaces. The movement of water through the cells of the root and 

leaf mesophyll must be regarded as integral parts of the process of trans- 
location of water. 

Although the great hulk of the water which passes through the plant 

follows the roiitc just described and is lost in the transpirational process, 

small quantities escape this fate. All along the path of its movement small 

amounts of water pass into adjacent living cells and are utilized in cell 

cnlaigement, especially in the cambium layer. Actively growing stem 

tii)s, loot tips, and fruits also utilize considerable quantities of water, 

principally in the enlargement phase of growth, while chlorophyllous cells 

utilize water in the photosynthetic process. In most species, however, not 

more than 1 or 2 per cent of the water w'hich enters a plant is utilized in 

growth and metabolic processes, the remain«Ier being lost from the plant 
in transfiiration. 

I hat the xylem is the principal water-conducting tissue of plants has 
been lecognized at least since the time of the girdling experiments of 
Malpighi in 1671. Girdling (or “ringing”) a stem, so that all of the tissues 
external to the xylem are removed, does not prevent movement of water 
to organs attached to that stem above the ring. On the contrary, cutting 
through the xylem tissue of a stem results in almost immediate wilting 
of leaves attached to the stem above the ring. 

Anatomy of Stems. — Since the mechanism of the movement of w'atcr 


can scarcely be understood intelligently wuthout some knowledge of the 
anatomy of the tissues through which it moves, a brief review of stem 
structure is desirable before proceeding further with a discussion of this 
process. Stems vary greatly in their structure, every species possessing 
some anatomical features which are peculiar to itself. Nevertheless certain 
general patterns of tissue arrangfanent have been found to prevail, and 
the stem structure of most sp(*cies approximates one or another of these 
general arrangements. 

The stem anatomy of tw’o representative species is shown in Fig. 49 and 
Fig. 50, which are self-explanatory. The corn stem represents an herba- 
ceous monocot type of structure while that of the tulip poplar is typical 
of w'oody dicot stems. 

The structure of woody steins cannot properly be apjireciated merely 
from a consideration of one-year-old stems. The primary tissues of such 
stems develop from tissues formed at the apical growing tip during 
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Fig. 49. Segment of young corn (maize) stem seen in cross section. Three 
vascular bundles and parts of two others are shown. The large-celled tissue 
between the bundles is sometimes classed as pith 


; sometimes as parenchyma. 



1S2 


THE TRANSLOCATION OF WATER 



cuticle 
opiderrDis 


^ cortex 


phloem 


Combtum 


xulem 


ptfh 


Fig. 50. Segmont of young stem of tulip poplar (Liriodendron tulipifera) as 


seen in cross section. 


growth of the stem in length. Nearly all perennial stems also grow m 
diameter as a result of the development of secondary tissues from the 
cambium. By successive stages of division, enlargement, and differentia- 
tion of cambial cells additional layers of xylem (secondary xylem) arc 
laid down on the inner face of the cambiuhi, and new layers of phloem 
tissue (secondary phloem) on its outer face (Fig. 51). Secondary growth 
of woody stems is initiated during the first season of their development 
and continues during each growing season thereafter, Flence after a few 
years the great bulk of any w'oody stem is composed of secondary tissues. 
The apical and lateral growth of woody stems and the relation of these 
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processes to the formation of the primary' and secondar>' tissues of the 
stem are considered in more detail in Chap. XXIX. 

Secondary xylem and secondary phloem also develop from the cambium 
in most herbaceous dicot stems, but in such species the cambium in any 
one stem is never active for more than one growing season. 



The spring-formed xylem tis- 
sue, as viewed in cross section, 
is usually distinctly different in 
aspect from that formed later 
in the season. In many angio- 
sperms the ‘‘spring’^ wood 
contains more and larger ves- 
sels, and the cell walls are gen- 
erally thinner than in the sub- 
sequently formed “summer” 
wood. In the conifers the 
spring-formed tracheids are 
thinner-walled and of larger 
cross-sectional diameter than 
those formed later in the grow- 
ing season. The transition from 
spring to summer wood is often 
a ver>^ gradual one. On the 
other hand, the more open xy- 
lem tissues formed each spring 
abut directly upon the denser 
tissues which were produced 
during the preceding summer, 
thus giving rise to an abrupt 
line of demarcation between 
the zones of xylem formed in 
any two successive seasons. The 
result of this growth behavior 
is that a cross section of the 
trunk or a branch of any tree 
appears as a system of concen- 
tric layers, the so-called annual 



Ik;. 51. Diagram illustrating formation 
of phloem and xylem elements from the 
cambium. (A) A cambium initial, (5) 
division of cambium cell, (C) outer cell 
resulting from division becomes a phloem 
element, (D) another division of the cam- 
bium cell, (E) inner cell resulting from 
second division becomes a xylem element. 
Actually several xylem or several phloem 
elements are often formed successively. 
Upon maturation most of the xylem and 
phloem elements acquire sizes and shapes 
which are very different from those of the 
cambium initials from which they origi- 
nate. 


nng each representing an annual increment of growth. In rare cases no 

m produced in a season, 

th. ^ represents the xylem resulting from the activity of 

the cambium during one season (Glock, 1941). 

many woody species, as the xylem tissues increase in age, important 
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rlianges occur in the color, composition, anti structure of the various 
elements, resulting in the conversion of sapwood into heartwood. As sap- 
wood ripens into heartwood the walls of any remaining living cells of 
the xylem Ixa-ome increasingly lignified, death of these cells soon follow- 



xylem 


perforated ena 
y^ati of vessel 


vessels 


fiber tracheids 


Fig. 52. Tangential section of a small j)ortion of the wood of a tulip tree (Lino- 
dendron tulipifera) . This is a plane section except that the end walls of the ® 
have been shown in perspective in order to indicate their structure clearly. Mos 
of the vessels and fiber tracheids show in sectional view, but a few show as the 
surface view of the tangential wall. Surface and sectional views of bordered pits 
show in the vessel walls. Simple pits show in the end walls of the ray cells an 
between ray cells. Half-bordered pits show between vessels and ray cells. Adapted 

from a drawing by L. O. Livingston. 
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ing. The water content of the tissues is generally reduced, and such com- 
pounds as oils, resins, gums, and tannins accumulate in the cells or cell 
walls. The darker coloration of the heartwood of most species as compared 
to the sapwood is caused by such accumulations. 

In mature trees the heartwood becomes merely a central supporting 
column surrounded by a cylinder of sapwood which varies in thickness 
from a few to many annual layers, depending upon tlie species and the 





fib^r irachQid 


perforated end 
v^ali of vessel 


-Xfjiem parenchi^ma 


vessels 


a tree {Lirioden- 

in ^9of\JnJ\ ^ ^ vessels show as a surface view of the walls; two are 

wall*? 1 sectional views of bordered pits show in vessel 

walls. Simple pits show m surface view in the walls of the xylem ray and xylem 

parenchyma ceUs. Adapted from a drawing by L. G. Livingston. 



186 


THE TRANSLOCATION OF WATER 




Fin. 54. Tangential section of a 
small portion of the wood of white 
pine {Finns strobus). The vertically 
oriented elongated elements are tra- 
cheids. Bordered pits show in sec- 
tional view in the tracheid and mar- 
ginal ray cells. Simple pits show in 
sectional view in the other ray cells. 
Half-bordered pits show between 
marginal ray cells and other ray cells. 



Fk;. 55. Radial section of a small por- 
tion of the wood of white pine {Finns 
strobus). The vertically oriented elon- 
gated elements are tracheids. Bordered 
pits show in face view in the tracheids; m 
sectional view in the marginal ray cells. 
Simple pits show in surface and sectional 
views in the ray cells. Half-bordered pits 
show between marginal ray cells and other 
ray cells. Three rows of marginal ray cells 

show in outline only. 
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environmental conditions under which the tree was growing. In some 
specie- (apple, elm) the heartwood remains virtually saturated witli 
water, while in others (ash) it becomes relatively dry. The water in the 
heartwood of such species as apple and elm appears to be largely static 
and is not directly involved in translocation. 

Coincident with the develojnnent of secondary xylem, secondary pliloem 
tissues also develop from the cambium (Chap. XXVII). Cork cambiums 



Fig. 56 Persi>cctive diagram illustrating types of pits in white pine {Finns 
strobus): right, full-bordered pit; middle, half-bordere<l pit; left, simide pit. 

are also initiated in the bark which produce cork layers. Profound modi- 
fications therefore occur in the outer tissues as well as in the xylem of 
woody stems as they grow older. 

A somewhat more detailed concept of the structure of the cells and 
e emcnts of the stems of angiosperms through which the movement of 
water occurs is presented in Fig. 52 and Fig. 53, which represent longi- 
u ina tangential and radial sections from the xylem of a tulip tree which 
may be taken as representative for this group of plants. Fig. 54 and Fig. 
1 ustrate m a similar way the structure of the xylem tissues of the 
me pine— a representative gymnosperm. The following discussion merely 
an^hfies somewhat the facts depicted graphically in these two figures. 

wood of angiosperms are composed of vessels, 
Thorr- ■ 4 ^ several types, wood parenchyma, and xylem ray cells. 

arranJmon/^r+T^^^^^- the proportional distribution and 

arrangement of these tissues according to species. 

are thp ^ c iaracteri&tic elements in the xylem tissue of angiosperms 

which m general, more or less tubular structures 

w- 11 hrough many feet of the xylem. In some species cross 

Kiinh * y per orated, arc of frequent occurrence in vessels, in others 
OSS \\a s are infrequent or lacking. In diameter vessels may range 
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in trees from about 20 \l to about 400 jx. In vines they may be as much as 
700 in diameter. The vessels branch extensively in certain regions of 
the plant, especially at nodes, within the leaf lamina, and in those parts 
of root systems where root branching occurs. 

The vessels of the protoxylem (the first cells of the xylem to mature 
during the ontogeny of a growing stem or root tip) have cellulose walls, 
reinforced by distinctive lignified thickenings, which appear as rings, 
spirals, or other characteristic patterns. The vessels that develop later in 
the ontogeny of any growing tip have lignified, usually pitted walls which 
lack any of the thickenings that distinguish the walls of the vessels of 
the protoxylem. 

Pits occur, not only in all parts of vessel walls which are contiguous 
with other vessels or cells, but also in the walls of the majority of plant 
cells. Three main types of pits, simple pits^ bordered pits, and half bor- 
dered pits, are found in plant cell walls (Fig. 56; cf. also Figs. 52, 53, 
54, 55). Strictly speaking the term pit refers only to the opening in the 
secondary wall of one cell, the term pit pair often being used to designate 
the two complementary pits of adjacent cells. 

The stages in the development of a vessel, which is a more complex 
phenomenon than the formation of the other elements of the wood, are 



Fig. 57. Stages in the development of a vessel in the petiole of celery. ( 
larged cambiai cell, (B) young vessel segment showing lenticular 
the end walls, (C) end walls still present in vessel segments with spiral tnic 
ings forming on lateral walls, (D) protoplasm disintegrating in vessel * 

spiral thickening on thin portions of end walls, {E) mature vessel 

end walls have disappeared. Redrawn in part from Esau (193b). 
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indicated in Fig. 57. The original cell resulting from the division of a 
oambium cell increases rapidly in diameter, simultaneously developing 
a rather prominent vacuole. Secondary lignified layers develop on the 
longitudinal walls of the vessel segment following which disintegration 
of the protoplasm and dissolution of the end walls occur. The result of 
this series of processes is the formation of a typical tubular, nonliving 
vessel by the coalescence of a number of vessel segments each of which 
has been differentiated from a single cell originating from a division of 
a cambium cell. In many species, especially of woody plants, vessel for- 
mation does not occur in as regular a manner as just described. In many 
such species the ends of the vessel segments overlap and openings develop 
in the side walls near the ends (Fig. 52). 

Tracheids are found in the wood of many, but not all, species of angio- 
sperras. They are typically more or less spindle-shaped cells with thick 
walls which are almost always lignified. As viewed in cross section they 
are usually angular. Mature tracheids contain no protoplasm and hence 
are nonliving like the xylem vessels. The largest tracheids are about 5 mm. 
in length, and about 30 [x in diameter. The walls of tracheids are pitted 
like those of vessels. Tracheids are water-conducting cells, but in most 
angiosperms they are relatively of much less importance as channels 
through which water moves than the vessels. 

Tracheids are developed from the cambium by a process essentially 
similar to that by which vessel segments are formed, except that the size 
and shape of the resulting cells are different, and that there is no coa- 
lescence of the individual elements such as occurs in the formation of 
vessels. 


The xylem of the angiosperms also contains fibers of various types 
which in general are similar to the tracheids in structure except that 
usually they have thicker walls, smaller lumina, and fewer and smaller 
pits. Fiber cel s are nonliving and their walls are lignified. Because of 
their thick walls and small lumina the fibers do not play an important 
part m the movement of water through stems ^ 

The xylem tissue of practically all angiosperms also contains wood 
parenchyma cells which, unlike the elements already described remain 
alive for some time after their differentiation. Usually death of the wood 
parenchyma cells does not occur until the wood of which they are a part 

strand, throughout the annual ring of xylem tissue varies with the species. 
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In some they are more or less scattered through the xylem, in others they 
occur in the last layer or two of cells which are produced in the summer 
^'ood — in other words, at the termination of the season’s growth — and in 
others only in contact with tlie vessels, or in contact with other wood 

V 

parenchyma cells whicli are tliemselves in contact with the vessels. 

All of the xylem elements previously described are oriented with their 
long axes in a vertical direction. In addition to this vertical system there is 
also present in the xylem a transverse, radiating system in which the long 
axis of the cells is at right angles to the long axis of the stem. These 
transversely oriented tissue units are known as I'ascnlnr rays. In the 
stems of most species they are cf)ntinuous from the outer extremity of 
the phloem through the cambium into the xylem, which they penetrate 
to a greater or lesser distance. The portion of the vascular ray found in 
the xylem is termed the xijlem raif or ivood ray; that found in the phloem 
the phloem ray. Xylem rays may vary from one to many cells in thick- 
ness and likewise in height, certain types usually being characteristic of 
any one species (Figs. 52-55). The cells of the xylem rays, like those of 
the wood parenchyma, usually remain alive until the woody tissue is 
converted into heartwood. The cells of the xylem ray are typically 
elongate and more or less angular in cross section. The xylem rays prob- 
ably serve as routes along which lateral movement of water occurs from 
the xylem to the cambium and phloem, and along which translocation of 
soluble foods takes place from the phloem to the living cells of the xylem. 

The living cells are in contact at various points with the strands o 
living wood parenchyma cells. The vertically oriented wood parenchyma 
strands and transversely oriented xylem ray strands thus form a unit 
system of living cells within the woody cylinder. Hence there is present 
a continuous intermeshing network of living cells throughout tlie greater 
mass of nonliving vessels, tracheids, and fibers in the younger portions 
of any woody angiosperm stem. There arc probably few if any of t e 
conducting elements — vessels and tracheids — which are not in contact a 
one or more points with this continuous sy.stcm of living cells. 

The wood of the gymnosperms is simpler in its structure than that o 
the angiosperms, this group of woody species also showing, in genera , 
greater uniformity in stem structure than the latter group. The only cell 
types universally present in the wood ot coniferous trees are the tracheids 
and wood ray cells. Wood parenchyma cells arc also present in thte wood 
of most species of conifers, while in many species trachcid-likc ® 

are also present. The most important distinction between the wood ot 
conifers and that of angiosperms is the total absence of vessels in e 

former. . 

The tracheids arc the distinctive element in conifer wood, constitut g 
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as they do the groat bulk of all the woody tissues present in such sj^ecies. 
In conifers the tracheids form a densely packed type of woody tissue, 
composed of interlocking cells. Vertically contiguous tracheids always 
overlap along their tapering portions (Fig. 60). Movement of water and 
solutes from one tracheid to another is facilitated by means of the j)it 
pairs in the adjacent walls. Because of the numerous cross walls in a 
xylem tissue composed almost entirely of tracheids, water encounters a 
greater resistance in moving through such tissues than in traversing 
woody tissues which contain vessels. Nevertheless it is interesting to note 
that the tallest trees in the world are conifers in which upward transloca- 
tion of water occurs through tracheids. 

Developmental aspects of the xylem tissues are given further consid- 
eration in Chap. XXIX. 

Theories of the Mechanism of the Translocation of Water Through Plants, 

— A number of theories of the mechanism by which the ascent of xylem 
sap is brought about in plants have been suggested, and it is probable 
that more than one mechanism is involved in the process. The present 
state of our knowledge justifies a discussion of three possible mechanisms 
of the upward transport of water through plants.^ 

"Vital Theories." — Although the vessels and tracheids through which 
longitudinal transit of water occurs are nonliving, they are always in 
more or less intimate contact with living cells. Suggestions have there- 
fore been made from time to time that the upward translocation of water 
is brought about in some manner by the living cells of the stem, although 
there is almost no direct evidence in favor of such a view. Bose (1923) 
has been one of the most ardent advocates of a “vital” theory of the 
upward movement of water in plants. 

The experiments of Strasburger (1893) demonstrated quite clearly 
that the primary mechanism of the rise of sap in trees operates inde- 
pendently of the living cells of the stem. He performed many experiments 
on the movement of water through woody stems in which the living cells 
had been killed by one method or another. In one experiment, for exam- 
ple, he used a 75-year-old oak tree about 22 meters high. This'was sawed 
off clos« to the ground and the cut end of the trunk immersed in a solu- 
tion of picric acid, which is toxic to living cells. The picric acid solution 
slowly moved up the stem. Fuchsin, added to the liquid in which the basal 
end of the tree was immersed 3 days after the picric acid, also ascended 
to the top of the tree through tissues in which the living cells had been 
killed by the picric acid. Water also continued to ascend through similar 

o/90°C^^'' completely killed by exposure to a temperature 

Similar experiments have been performed by later investigators, espe- 
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cially Roshardt (1910), Overton (1911), and MacDougal, et aL (1929). 
All of these investigators have confirmed Strasburger’s results that water 
would continue to ascend for some time through stems, segments of which 
had been exposed to one treatment or another which would kill all living 


cells present. 

In all experiments of the type just described, it has been observed that 
the leaves at the top of a stem, part or all of which has been killed, sooner 
or later wilt and wither, although this effect is by no means an immediate 
one, often appearing only after several days. Proponents of the vital 
theories have accepted this as evidence that the living cells of a stem are 
essential for the passage of water through it. Dixon (1914), however, 
considers that this delayed lethal effect on the leaves results from either 
or both of tw'o causes. Killing of the stem tissues often causes the forma- 
tion of substances which plug the vessels or tracheids, thus impeding the 
upward movement of water. Furthermore, death of the cells in the treated 
regions causes the release into the conducting channels of toxic compounds 
which, when transported to the leaves, cause death of the leaf cells. There 
is still some doubt, however, whether all of the 'retardation in rate of 
translocation as a result of such experiments can be explained in these 
two ways. The possibility remains that the living cells of the xylem may 
in some way be necessary to the maintenance of the water-conducting 
capacity of the xylem, or even that they may contribute in some way to 


the upward movement of water through stems (IJrsprung, 1912). 

Root Pressure. — An exudation of xylem sap often occurs from the stub 
of a freshly cut stem, from the stump of a newly cut tree, or from inci- 
sions or borings made into plants. Such exudations result from the devel- 
opment of a pressure in the dilute sap of the xylem ducts resulting from 
the operation of an as yet not fully understood mechanism in the roots 
(Chap, XIV) — hence, the term “root pressure.” Guttation in intact plants 

(Chap. IX) also results from root pressure. 

The magnitude of the root pressure in any plant is usually measure 
by means of a manometer (Fig. 58). With few exceptions the xylem sap 
exudation pressures which have been recorded for plants do not excee 
2 atm., and most of them arc less than this. In general, there is no cor 
relation between the pressure wdth which xylem sap is exuded from cu 
stems and the volume of the flow. In some species, relatively large vo 
umes of sap are exuded under a relatively low pressure; in others, exact y 
the opposite relation may exist. 

Some of the woody plants in which xylem sap exudation occurs are 
the maples, boxelder, w'alnut, dogwood, hornbeam {Ostrya) y sycamore, 
birches, currant, and grape. Sap flow in the sugar maple and closely 
related species appears to be a special case, however, which is discusse 
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below. Exudations of xylem sap under i)ressure from woody plants usu- 
ally occur only during the seasons of tlie year when the plants bear no 
foliage, and most commonly in the early spring months. The popular 
concept of a ‘ rise of sap'’ in woody jilants in the spring is largely based 
on the observation of such phenomena. Exudation of xylem sap can also 
be demonstrated in many species of her- 
baceous plants, if the soil is relatively 
moist. 

The volume of xylem sap exuded under 
the influence of root pressures, although 
usually small, are sometimes very consid- 
erable. As many as 28 liters of xylem 
sap have been exuded per day from a large 
paper birch tree. Over 100 ml, of xylem 
sap have been exuded per day from the 
cut stumps of such herbaceous species as 
corn, sugar cane, and squash. 

Although it is undoubtedly true that 
root pressure does, in some species of 
plants, under certain conditions, account 
for the movement of some water in an 
upward direction through plants, there are 
several reasons why this process cannot be 
considered to be the principal mechanism 
by which water is moved through plants. 

In the first place, there are many species 
in which this phenomenon has never been 
observed. In the second place, the magni- 
tude of the pressure developed is seldom 
sufficient to force water to the tops of any 
except relatively low-growing species of 
plants. Neither is the rate of flow, as it 
occurs in most species, adequate to com- 
pensate for the known rates of transpira- 

lueait' IllT' T “elisiWo. temperate 

plints ™t onlv r 7' tl‘' ««t surfaces of most 

piled at the em sorflce “ - -P' 
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Fig. 58. Experimental ar- 
rangement for the demonstra- 
tion of root pressure in a potted 

plant. 
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during the fall and spring. Often there is a temporary shrinkage in their 
water content during the winter months, but the main period of diminish- 
ing trunk water content occurs in the spring and summer. Some authori- 
ties consider that intercellular spaces as well as cells become occupied 
with water during this increase in the water content of tree trunks 
(Priestley, 1930). Root pressure undoubtedly accounts at least in part 
for such seasonal replenishments of the store of water in tree trunks. The 
living cells of tlie xylem probably play an active part in this process. It 
is possible that there may be slowly ascending streams of water in the 
living cells of ihv xylem which operate independently of the water col- 





Scaj^onal variation in the water contc^nt 
aspen (Populus tremuloifles) . Data 


of the trunk.s of the 
of (hbhs (1935), 


trembling 


umns in the vessels or tracheids. The trunks of many conifers show no 
marked seasonal variations in water content; this is possibly correlate 
with the lack of api)reciable root pressures in sucli species. 

The Cohesion of Water Theory. — The leading advocate of this theory 
has been Dixon (1914, 1924), who has performed much of the experi- 
mental wmrk upon which it is based. A number of other worke*rs, nota y 
Askenasy (1897) and Renner (1911, 1915), have also contributed impor- 
tant theoretical and experimental evidence in support of this theory. 

Molecules of water, although ceaselessly in motion, are also strong y 
attracted to each other. In masses of liquid water the existence of sue 
intcrmolecular attractions is not obvious, but when water is confine m 
long tubes of small diameter their cxi.stcnce can often be demonstra cf ■ 
If the water at the top of such a tube be subjected to a "pull,” the resu 
Ing stress will be transmitted ail along the column of water, because o 

the mutual attraction (“cohesion”) between the water molecules. Furt er 

more, because of an attraction between water molecules and the molecu es 
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of the wall of the tube (“adhesion”), putting the water column under 
stress docs not result in jiulling the water away from the encompassing 
wall. The water-conducting system of i)lants constitutes just such a 
system, enclosing continuous, often intermeshing, thread-like columns of 
water which extend from the top to the bottom of the plant. Because 
of the cohesion between water molecules and their adhesion to the walls 
of the xylem ducts, a stress applied at any point in this system will be 
propagated to all its parts. The api)lication of negative stress tautens the 
water columns and creates within them a state of tension, which is the 
equivalent of a “negative j)rc.ssure.” 

Whenever evaporation is occurring from the walls of the mesophyll 
cells into the intercellular spaces, the diffusion-i)ressurc deficit of the 
water in the mesoidiyll cell walls increa.ses. Such cell-wall diffusion- 
pressure deficits are primarily imbibitional in origin (Chap. VIII). Water 
therefore moves into the walls from the adjacent i)rotoi)lasm, resulting 
in turn in a movement of water from the vacuole into the protoplasmic 
layer. The resulting increase in the diffusion-pressure deficit is in turn 


propagaU'd to all parts of the cell. Within the lamina of the leaf, gradients 
of diffusion-pressure deficits, gradually increasing in magnitude from cell 
to cell in the direction in which water is moving, arc established between 
the xylem ducts and the cells from which evaporation is occurring. Water 
therefore moves from a given vessel or tracheid into adjacent cells, which 
results m the development of a tension in the water column occupying 
that element of the xylem. Concurrently tensions are similarly develop- 
ing in other xylem ducts within the leaf. The diffusion-pressure deficit of 
the water m the xylem elements will be increased by the amount of this 
tension. Water under a tension (“negative pressure”) of 13 atm for 
example, has a diffusion pressure just 13 atm. less than that of pure water 
at the same temperature which is not under tension (Chap. VIII) The 
osmotic pressure of the xylem sap is seldom more than one, or at most 2 

^ssum defieW " " " its diffusion- 


While the diffusion-pressure deficits of mesophyll cells nrohahlv Ar. r 
commonly exceed their osmotic pressures, it Lms likely that L 

that entry of water int^ the Wer ends of he " 1 "" h""^ 

in Ihc water c„lul7a„d lZr develop 

into the mesophyll cells will be slow ^ ^rom the xylem conduits 

..ad deereaeed to a aero value. Undef sre^dLr'thrri.rTr;: 



196 


THE TRANSLOCATION OF WATER 


cells may be pulled inward as a result of the adhesion between them and 
the shrinking volume of water, and the counter pull exerted by the walls 
on the water will throw it into a state of tension (Chap. XV). 

The tension developed in the conducting elements is transmitted along 
their entire length to their lower termination just back of the root tips 
and probably, very often at least, across the root tissues as well. The 
magnitude of the tension which develops in the xylem conduits is in- 
creased by conditions which favor a rate of water loss from the leaves 
considerably in excess of the rate at which water enters the roots from 
the soil. 

The movement of water across the cells of the root from the soil 
into the lower ends of the water-conducting elements must be considered 
as an integral part of the translocation process. At their lower termi- 
nations the xylem vessels or tracheids are in contact with the pericycle, 
or more rarely, directly with the endodermal cells of the root (Fig. 67). 
Water moves from the adjacent root cells *into the conducting elements 
because the tension (diffusion-pressure deficit) developed in these ele- 
ments exceeds the diffusion-pressure deficit of the cells of the root. When 
the tension in the water columns is relatively low, a gradient of diffusion- 
pressure deficits will be established across the root cells similar to those 
which are established in the leaf mesoi>hyll cells when water is moving 
through them. The diffusion-pressure deficits will increase from cell to 
cell along this gradient in the direction in which water is moving, t.c., 
from the periphery of the root toward the xylem. 

Since, however, the osmotic pressures of root cells are usually lower 
than those of the mesophyll cells (Hannig, 1912), it is probable that the 
tension developed in the water columns often exceeds the highest osmotic 
pressures of any of the root cells through which water passes on its way 
from the soil to the xylem. Under such conditions a tension may develop 
in the root cells in a manner similar to that already described for rneso- 
phyll cells (Livingston, 1927). 

Regardless of the exact mechanism involved, the essential fact is that 
the development of tensions in the water columns induces the establish- 
ment of a gradient of diffusion-pressure deficits, increasing consistently 
from cell to cell across the root from its peripheral cell layer to the con- 
ducting elements, and water will move along this gradient from the 
epidermal layer to the xylem tissue. Water enters the peripheral cells of 
a root whenever the diffusion-pressure deficit of water in the soil is less 
than that of the water in the ej)idennal cells and root hairs in the absorb- 
ing zone of the root (Chap. XIV). 

In most trees practically all upward movement of water occurs in the 
vessels or tracheids of a few of the outermost annual rings of the sap- 
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wood and in some species, especially those with ring-porous wood (Huber, 
1935), is almost entirely confined to the outennost ring. As is well known, 
in some species of trees (beech, sycamore, redwood, etc.) the heartwood 
of the trunk may disappear completely by decay. The fact that such 
hollow trees continue to live and thrive is conclusive evidence that the 
heartwood plays no essential role in the 


upward moveinent of water in such spe- 
cies. 

The water-conductive system of 
plants should be regarded as a unit svs- 
tern; the individual threads or column: 
of water not operating separately, but 
each as a part of a more or less compli- 
cated meshwork. Fig. 60 illustrates the 
continuity of the water columns through 
a woody tissue, in which part of the 
elements have become blocked with air. 
The air-plugged tracheids or vessel sec- 
tions become merely “islands’" in the 
meshwork of intact water columns; and 
the capacity of the tissues as a whole to 
conduct water, although somewhat im- 
paired by the presence of air in some of 
the conducting elements, is by no means 
destroyed. 

Magnitude of the Cohesion of Water. 

If water is to move through the xv- 
lem ducts as postulated by this theory, 
its cohesion must be of sufficient magni- 
tude to resist the stresses which are 
imposed upon it. The maximum height 
to which water ever moves in plants 
does not exceed 400 feet. This height is 
equivalent to about 12 atm. which rep 



Fig. 60. Continuity of water 
columns through the wood of a 
conifer. Redrawn from Dixon 

(1014). 


resents the maximum stress which the 

water columns could develop as a result of their own weight Water 
however, encounters a certain amount of • * 

the conducting tissues The greater th moving through 

the greater the resistance whfch it wiH enT n 

at the velocity corresponding „ the usuaTratTo^r" ' 

sistance is approximately equal to the nr ' transpiration, the re- 

height of the plant. He used the wood of the yew (Taxus baccata) 
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for his determinations, in which higher values for resistance would be 
expected than in nonconifers in which most water traverses vessels rather 



Fig. 61. Apparatus for demonstrat- 
ing the develoi)ment of tension in 
a water column as a result of evapo- 
ration. (A) Beaker of boiled water, 
(B), glass tube, (C) porous clay 
cup filled with water, (£)) capillary 
glass tube filled with w'ater, (E) 
mercury layer in bottle. For success- 
ful operation it is essential that the 
water in (C) and (D) be free of air 
hubbies. This is accomplished by 
boiling the water in (A) and allow- 
ing the hot water to siphon through 
the apparatus and out at (B). To 
perform the demonstration the 
beaker (A) is removed from around 
the porous cup (C). 


than tracheids. For high rates of con- 
duction, Huber (1924) estimates the 
resistance to be several times as great 
as this. Accepting Dixon’s estimates as 
an average value, the minimum ade- 
quate value for the cohesion of water 
becomes 24 atm. To this must be 
added the resistance encountered by 
w^ater crossing the tissues of the root 
and the mesophyll cells of the leaf 
which is equivalent to only a few at- 
mospheres. The estimated minimum 
cohesion required to lift w'ater to the 
top of the tallest tree is therefore 
about 30 atm. Even if we assume a re- 
sistance three times as great as that 
found l)y Dixon, the required value 
for the cohesion of winter becomes 
only about 50 atm. 

Experimentally determined values 

for the cohesion of water range up to 

350 atm. Dixon obtained values as 

high as 207 atm. for sap centrifuged 

from branches of aqui- 

folium). The cohesion of water is 

• • 

therefore much in excess of the mini- 
mum required for the lifting of water 
to the tops of even the tallest trees. 

The existence of cohesion in water 
can be demonstrated by means of an 
apparatus such as that shown in Fig- 
61. The first experiment of this type 
was performed by Askenasy (1897). 
As evaporation proceeds from the po- 
rous clay cup, water moves up the ver- 
tical glass tube, followed by mercury 
from the reservoir. If the demonstra- 
tion is successful the mercury will 


continue to rise above the level to which it will stand in a barometer. 
The water is now being pulled up the tube, a phenomenon which is pos- 
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sible only because of the cohesion between water molecules. The water 
in the tube is thus thrown into a state of tension which is transmitted 
to the mercury column below it because of the strong adhesion between 
water and mercury. The pull exerted on the water column originates 
at the evaporating surface of the cup, anTTesulls'from the attractions 
between molecules operative in maintaining numerous microscoiiic wa- 
ter menisci in the pores of the clay cup. Thut (1928) succeeded in 
demonstrating a rise of mercury to a height of 226.6 cm. in such an 
apparatus. This is approximately three times as high as a column of 
mercurj’ will be supported by atmospheric pressure acting alone. While 
the maximum tension developed in the water column in these experi- 
ments does not exceed 2 atm., this demonstration illustrates a physical 

system which is analogous to that which is believed to operate in the 
plant. 


Experiments similar to that just described have also been performed 

using small branches or twigs of plants as an evaporating surface instead 

ot a porous clay cup. These are attached at the upper end of a glass tube 

m p ace of the clay cup; otherwise the setup for such an experiment is 

similar to that just described. While it has not been possible to obtain 

as great a rise of mercury in such experiments as when a porous clay 

evaporating surface is used, upward traction of mercury for distances 

we 1 m excess of atmospheric pressure can be demonstrated if a suitable 
technique is followed (Thut, 1932). 

Tension in the Woter Columns.— Convincing evidence 
that the water in the xylem vessels is often in a state of tension has 
leen obtained by direct observations of vessels under a microscope The 
^ ems of some species of herbaceous plants, especially the cucurbits are 
specially suitable for such observations. Such a stem of an intact, rapidly 
anspinng plant can be fastened in position across the stage of a micro 
cope and, by careful dissection, vessels examined individually If one 

rupture will be seer, to oeeur, indiealing that he tva er T he 
vessel was in a state of tension. 

Interesting evidence that the water in the xvlem r 

■s, at time, at least, under tension has btflT lined 1 

which measures variations in tin i ' f •"‘^’f-^'ccording instrument 
atmeted so that its sensitivilv is velJTreaT lldT ‘"‘"‘l*' " " '“i 

.trvTmir ‘"-“'^ut'ztirraX zi 

of trees. How'ever even^inU^””**"^ vanat.ons in the diameter growth 

» ces in which diameter growth has ceased, 
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slight diurnal periodic variations in the diameter of trees have been found 
to be of regular occurrence. 

A record of the periodic variations in the diameter of a tree trunk for 
a period of several days at a season when little diameter growth was 
occurring is pictured in Fig. 62. The trunk attained its minimum diameter 
during the afternoon hours, at a period when the water columns are 
undoubtedly under their maximum tension. AVhilc under tension the 
water columns become taut and decrease in diameter. Because of the 



Fig. 62. Daily variations in the diameter of the trunk of a Monterey pine 
{Pinus radiata) as measured with a dendrograph. Data of MacDougal (1936). 

enormous adhesion between water and the walls of the ducts, a slight 
contraction occurs in their diameter. Such diurnal changes in the diam- 
eter of a tree trunk result from alternate contraction of the vessels or 
tracheids when the water in them is under tension followed by their dila- 
tion when the tension is slackened. 

Although there is ample evidence for the existence of tensions in the 
water columns of plants, it is not easy to get good estimates of their exact 
magnitudes. They probably do not ordinarily exceed a few atmospheres 
in herbs and a few tens of atmospheres in woody plants. Under conditions 
of severe internal water deficit, such as may be induced under drought 
conditions (Chap. XV), however, it seems probable that tensions ranging 
up to at least 100 atm. may develop in the water columns of at least 

some species. 

Whenever a root pressure is present the water in the xylem ducts is 
under a positive pres'^ure; at most other times it is under a tension, n 
some plants, especially herbaceous species, daily alternations between 
a positive pressure in the water columns at night and a tension in t e 
daytime arc a common occurrence whenever the soil water supply is 
abundant. Stocking (1945) has calculated that the physical status of tie 
water in the xylem of squash ranges from a positive pressure of a )OU 
1 atm. during the night, to tensions of about 4 atm. on a warm summer 

day and about 9 atm. during wilting. r * 

Vessels and tracheids normally contain water at the time o 
differentiation and remain filled with water for varying periods of time 
thereafter. Ultimately most of the water columns in a plant break, u 
^is does not happen to all of them at any one time except under sue 
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extreme conditions as prolonged drought. Breaking of water columns 
occurs principally at times when they are subjected to high tensions. 

The Relation of Transpiration to the Movement of Water Through the 
Plant. — In most discussions of the cohesion of water theory of the rise 
of water in plants, the relation of transpiration to this process is so 
greatly emphasized that it has come to be almost indelibly associated 
with this concept. Transpiration is not, however, tlie fundamental cause 
of the upward movement of water in plants. Water ascends in the xylem 
ducts only when an adequate diffusion-pressure deficit has been created 
in the water of the vacuoles or the walls of cells in organs in the upper 
parts of the plant. Since evaporation of water from the walls of the mes- 
ophyll cells is the most frequent cause of such diffusion-pressure deficits, 
the process of transpiration has been generally linked in discussions with 
the mechanism of the ascent of sap. It is only because of its effect in 
increasing the diffusion-pressure deficit of the water in the mesophyll 
cells that transpiration sets in motion the entire train of water through 
the plant. Any other process which results in an increase in the diffusion- 


pressure deficit in the cells at the terminus of any plant axis may also 
induce the translocation of water. Upward movement of water oftvn 
continues during the night hours after transpiration has virtually ceased. 
This lag results from the residual high diffusion-pressure deficit of the 
leaf cells at the end of the daylight period. Water will continue to enter 
these cells until they reattain the maximum turgidity of which they 
are capable under the conditions prevailing. Similarly movement of 
water will occur into any rapidly growing stem tip or fruit because the 
binding up of water in certain phases of the growth process creates a 
1 usion-pressure deficit in the cells of such organs, thus inducing the 
migration of water toward such centers of growth activity. 

At the present time most plant physiologists are agreed that the co- 
nesion theory is a correct representation of the principal mechanism bv 
which water IS transported through plants, be they the tallest of trees 
or er s on y a few feet in height. It is also generally agreed that 

^ minor role in this process at least under certain 

pres ^re L ^ Phenomena generally described under the term root 
pressure, and there is at least a possibility that living cells of the xylem 


ascent thrott'he't'lt” du 1''™“^'’ The rate at which water 

OQ i. u 1 , . ^ ducts may vary from a movement so slow 

(H b ™perceptible to speeds of at least 75 cm. per minute 

, an probably higher. In general, daily variations in the 
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rate of ascent of water approximately parallel daily variations in tran- 
spiration rate (Baumgartner, 1934) ; the maximum velocity of the tran- 
spiration stream is often not attained, however, until several hours after 
the peak of transpiration. 

Lateral Movement of Woter. — A cell-to-cell lateral movement of water 
in a radial direction undoubtedly occurs along the vascular rays in the 
stems of most species of plants. In woody stems there is probably also 
a lateral movement of water around the stem in a tangential direction. 
Except in trees in which the "grain” of the wood is twisted, the conduct- 
ing vessels on one side of the tree generally connect with branches on 
that side of tlie tree at their upper extremity, and with roots on the same 
side of the tree at tlnnr lower extremity. If no lateral movement of water 
occurs in woody stems, it would be expected that removal of the roots 
from one side of a tree would result in a dearth of water, or perhaps 
even death of the leaves or branches on that side of the tree. 

Experiments ha'VT been performed on a]iple. peacli, oak, and other 
woody species in which the roots on one side of the plant were removed 
in an attempt to ascertain whetlier or not lateral movement of the water 
occurs (Auchter, 1923). Although the water content and growth of the 
plants treat('fl in this manner diminished, there was no difference in the 
moisture content of the leaves on the two sides of the tree. Neither did 
the leaves on the side from which the roots had been removed show 
any greater tendency to wilt on clear, warm days than those on the other 
side. These results indicate very strongly that lateral movement of water 
occurs in woody stcans, and that the water conductive system of plants 
acts as a unit system. 

Downward Movement of Water. — There arc a number of experiments 
on record which indicate that downward movement of water can occur 
in stems. For example, Dixon (1924) found that, if the tip of the leaf of 
a potato plant be cut off under an cosin solution, the liquid will descend 
through the xylem tissue of the leaf, petiole, and stem, and eventually 
reach the underground organs. In general, however, such an effect is to 
he expected only when an internal water deficit exists in a plant. 

The cohesion theory of the movement of water will account equally 
well for the conduction of water in either an upward or a downward 
direction through the plant. Whenever conditions are such that the diffu- 
sion-pressure deficit of the cells of an organ, which is basally situated 
relative to another, is greater than that of the cells of a more nearly 
apical organ, a reversal in the direction of the movement of the water 
will occur (Chap. XV). 

Sap Flow in the Maple. — Sap flow from cuts or bore holes in maple trees 
occurs only during the late winter and early spring months when cold 
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nights alternate with days upon wliich tlie teiniieraturc rises above 
freezing (Jones, et al., 1903). The flow is largely or entirely confined to 
the daylight hours. A single sugar majde tree will generally yield from 
25 to 75 liters of sap per season, the sucrose content of wliieh is usually 
between 2 and 3 per cent. In other woody s’peeies that exhibit a pre- 
foliation sap flow, such as birch and grajic, exudation usually will not 
occur until later in the spring at a period when freezing ttanjnu’atures 
have become uncommon Xyleni sap flow in ."uch spc'cies is a n)ot pressure 
phenomenon and continues during IxUh day and night hours. 

Sap flow in the red maple is not a result of root pressure !)eeaiise sap 
exuded as freely from borings into the xylem of cut trees with their bases 
jnimersed in water as from similar l)orings into rooted trees durii\g the 
late winter and early spring whenever the necessary alternation of cold 
nights and warm days occurred (Stevens and Eggert. 1915). Tlu'se in- 
vestigators suggest that the crystallization of water withiti the trunk and 
branches, especially in the outer layers of the xylem. indiiectly ca\lse^ 
upward movement of water through the tree. As a result of the conver- 
sion of some of the water present into ice, the osmotic i)ressure of the 
cells increases, which in turn induces upward movement of water througli 
the xylem. It must also be assumed that at least some of the roots an 
in soil layers warm enough to permit the absorption of water. When, 
under the influence of daytime rising air temperatures or flirect insola- 
tion, the temperature of the trunk and branch tissues reaches or exceeds 
the freezing point, the ice melts and the tissues become flooded with 
sap. This sap exudes through any sort of an incision made into the outer 
xylem of the tree. 
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DISCUSSION QUESTIONS 

1 . What would be reasonable estimates of the tensions existing in the water 
columns under the following conditions: In a tomato plant in the mid-afternoon 
of “standard day”? In a tomato plant just after sunrise on a cool late si)ring 
morning? In a 100-foot oak tree in the mid-afternoon of a “standard day”? In 
a birch tree in the spring just before development of leaves starts? In a per- 
manently wilted tomato plant? In a desert shrubby plant after a period of pro- 
longed drought? 

2 . When colored dyes are applied to the cut ends of the upper branches on a 
tree they often move downward for considerable distances and out into lateral 
branches. Is this phenomenon consistent with the idea that tensions exist in the 
water columns? Explain. 

3. Is it logical to assume that, since the coast redwoods are the tallest of trees, 
they must have the most effective water-conducting system? 

4. If a branch is sawed off from near the top of a 100-foot oak tree about noon 
on a clear warm summer day, what change if any would occur in the water con- 
tent of the topmost or outermost twig on that branch? 

5. Suppose the primary xylem of a young root of a 20-year-oid tree to be in 
jected with a dye. Assuming no lateral movement of the dye to adjacent tissues, 
trace the exact course of the dye as it rises through the tissues of the root, stem 
and leaf. 

6. If you wished to inject a solution into a tree, how would you proceed in 
order to insure its most tvidespread and rapid distribution throughout the tree? 

7. Why is not atmospheric pressure considered to he a factor in the upward 
movement of water through plants? 

8- When flowers are cut for vases many of the vessels in the stems become 
plugged with air bubbles. Observation has shown, however, that these air bub- 
bles gradually disappear. Explain. 
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SOILS AND SOIL- WATER RELATIONS 


Most vascular jilants arc rootc'd iu tlic soil from which they obtain 
both water and mineral salts. The entrance of water from the environ- 
ment into any of tlic organs of a plant is called the absorption, intake, 
or uptake of water. In most terrestrial vascular species only a negligible 


Cjuantit}’’ of water is absorbed through organs other than the roots. Any 
tiiorough consideration of the entrance of water into roots requires a 
consideration of the i)roi)erties of soils, particularly as they affect the 
movement of water from the soil into the root. 

Constitution of the Soil. — The soil matrix, which is the habitat pf most 
roots, is an extremely comph'X system. In general, five different com- 
ponents of this system arc distinguished: 

1. The Mineral ^^after of the Soil . — The parent substance of practi- 
cally all soils is rock, of which there are numerous varieties. By various 
weathering processes rock strata are reduced to fragments of diverse 
sizes, and these compose the bulk of most soils. The rock particles in 
soils may vary in size from stones and gravel down to sub-microscopic 
particles of colloidal clay. The mineral portion of the soil is customarily 
classified into several fractions depending upon the size of the particles. 
Such classifications usually disregard the very large particles of the soil 
(rock fragments, pebbles, etc.). The classification now generally used 


is as follows: 


Praction 

1 

Diameter limir.s of particles 

Coarse ^and 

2.0 - 0.2 mm. 

Imrc ^and 

0.2 -0.02 

Silt 

0.02-0.002 

, . 1 

Less than 0.002 

^ 1 

1 

J 
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The proportions of the difTcrcnt fractions present are very different in 
different kinds of soils. 

The clay fraction of the mineral portion of soils requires special con- 
sideration. Unlike the coarser fractions whicii are conqiosed of small 
fragments of unmodified rock minerals such as quartz, feldspar, and mica, 
the q\sly portion of soils is made up almost entirely of the products of 
chemical weathering of the rock minerals and hence differs, not only in 
its physical state, but in its chemical composition, from the particles in 
the coarser fractions. The particles in the clay fraction are flat and 
plate-like. Alost of them are of colloidal dimensions and exhibit the 
characteristic properties of colloidal systems. The particles of the clay 
complex, like those of many other colloidal systems, retain water within 
the structure of the particle. On the contrary, the sand and silt particles 
of the soil retain water only on their surfaces. The presence of a consid- 
erable proportion of clay in a soil therefore endows it with a high water 
retaining capacity. Changes in the water content of colloidal clay result 
in marked changes in its volume. One result of such changes in volume 
IS the commonly observed cracking of a soil rich in clay upon dr\dng. 
The plasticity and cohesiveness of soils are also due very largely to the 
colloidal clay present. 


Like other colloidal systems colloidal clay is markedly sensitive to 
the influence of electrolytes. The micelles of colloidal clay usually bear 
a negative charge when in contact with water. In the presence of calcium 
ions the individual clay particles are more or less completely flocculated 
into compound particles. Much of the colloidal clay in most soils exists 
as enveloping films around the larger soil particles and is also closely 
associated with organic material in the soil. Flocculation of the clay par- 
ticles therefore usually results in the formation of compound granules 
including sand and silt particles and organic matter in addition to the 
clay. These are called soil crumbs. For agricultural purposes a well- 
( eveloped granular structure of the soil is highly desirable because such 
a structure favors both a high moisture-retaining capacity and a good 
aeration of the soil. “Calcium soils," that is, those with a high calcium 
content, are in general the most suitable and most valuable for agricul- 
ural purposes partly because calcium favors the development of a crumb 
s ructure. In the presence of an excess of univalent cations (Na+, etc.), 
e other hand, a greater proportion of the clay fraction of the soil 
isperses into its ultimate particles, and the soil has a single-grain struc- 
tUre. n this condition the soil is in the least desirable structural condi- 
^on or agricultural purposes. Many soils contain hydrogen ions in excess, 
uc *^oils often develop a good crumb structure, but the crumbs are 
ess s a ) c than those developed in a calcium soil. The addition of lime 
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improves the physical structure of such soils. The crumb structure of a 
soil, especially in its surface layers, can also be destroyed by purely 
mechanical effects, such as trampling, or beating by heavy rains. 

2. The Organic Alatter of the Soil . — Most soils contain organic matter 
which has been derived ]n'incipally from the partial decomposition of 
plant residues. Small quantities may also originate from animal residues 
and excretions. The proportion of organic matter present may vary from 
almost none as in some sand deposits to 95 per cent or better in some 
peat soils. In ordinary agricultural soils the amount present seldom 
exceeds 15 jKn cent. In fori'sts organic matter comes from falling leaves, 
dead branches and trunks of woody plants, roots which die and decay 
undi’rground, and from dead herbaceous vegetation. In grasslands, the 
underground roots and rhizomes as well as the aerial parts of the plants 
all contribute their quota to the organic matter of the soil. In well- 
managed agricultural soils attempts are made to maintain the organic 
matter content by supplying them with organic fertilizers. 

The organic matter is the seat of most of the microbiological processes 
occurring in the soil. One of the most important of these is the oxidation 
of the organic matter, a j^rocess resulting largely from the metabolic 
activities of bacteria and fungi, altliough a limited amount of purely 
chemical decomiiosition probably also occurs. Under conditions that 
are excej)tionally favorable for the activities of microorganisms, the 
organic matter of the soil is oxidized completely and disajipears. For 
this reason the organic iUatter of soils in tropical regions, particularly 
when under cultivation, is very low. Even in more temperate regions 
cultivation of the soils generally results in a rapid reduction in organic 
matter content, principally as a result of the better aeration induced 
by tillage. 

As a result of the decay process there is present in most soils organic 
matter in various stages of decomposition. A large proportion of the 
organic material which is added to some soils survives in the form of a 
dark-colored amorphous substance called hiimns. Humus is composed 
principally of the degradation products of the cellulose and lignin de- 
rived from plant remains. The accumulation of humus in soils is furthered 
by conditions unfavorable to the oxidative decomposition of organic 
matter. The decoinjiosition of organic matter in bogs, ponds, swamps, 
and water-logged soils under conditions which are largely, if not entirely, 
anaerobic results in the production of relatively large quantities of 
humus. Where the organic matter supplied is distinctly acid, as under 
coniferous forests, or heath plants, humus usually accumulates as a 
definite layer at the surface. Decomposition of the organic remains 
under these conditions is largely effected by fungi. In prairie and steppe 
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regions, where a grassland vegetation is predominant, humus usually 
accumulates in considerable quantities as a result of the decay of both 
underground and aerial organs of plants. The amount of humus which 
accumulates in any soil depends upon the relative rates of the addition 
of organic residues and of its disappearance as a result of oxidation. Soils 
with a low humus content may result from a sparse contribution of organic 
matter, as in desert or semi-desert regions, or from a rapid oxidation of 
organic material which prevents accumulation of humus even when the 
supply of organic residues to the soil is large. This latter condition ob- 
tains in many tropical and subtropical soils. 

Humus is essentially colloidal in its properties and possesses an even 

greater imbibitional capacity than the colloidal clay particles of the soil. 

The plasticity and cohesiveness of the colloidal organic matter, while 

considerably less than of the colloidal clay, are much greater than in the 

noncolloidal fractions of the soil. Humus is rather inert chemically, its 

influence on the soil being largely a physical one. Its presence in soils 

favors, in general, a looser structure and hence a better aeration. In 

sandy soils, especially, humus increases the water-holding capaeity of 

the soil and in clay soils, especially, it decreases the cohesiveness of the 
soil. 


Since the clay fraction and the humns are the two essentially colloidal 
fractions of the soil and are associated in an intimate physical relation- 
ship, many soil scientists refer to these two soil fractions, considered 
jointly, as the colloidal complex of the soil. A large part of this colloidal 
complex occurs, in many soils, as films enveloping the larger soil particles. 
The relation of these films to the maintenance of the crumb structure 
of the soil has already been mentioned. Many other important soil 
properties are greatly influenced by the colloidal complex. 

3. Soil Water and the Soil Solution.— \Y ater is universally a com- 
ponen of soils, although the amount present may vary from the me^e^t 

of the spaees between the soil partieles. Dissolved in the so'lt'ater are 
varying quantities of numerous chemical comnoiindQ * • x 

‘h - TosTor:: 

in the soil water The concept r disregard the presence of solutes 

solution is very dilu^ in f p'" ^^e soil 

very dilute, m saline and alkali soils it may be so concen- 
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trated that only a few species of plants can survive with their roots in 
contact with it. The principal cations found in the soil solution are Ca+ + , 

K'*', *■, Al^ + and Fe + ++ (or Fe+ the principal anions 

are HCO.,-, Cl’, NO 3 -, 80, — , and SiO.-, — . Other solutes 

too numerous to mention may also occur in the soil solution but are 
usually present only in very low concentrations. Soil-water relations 
receive a more detailed discussion later in this chapter, and the soil 
solution is discussed more fully in C'hap. XXV. 

4. The Soil Atmosphere.— The irregularity of the soil particles in size, 
shape, and arrangement insures the existence of a certain amount of 


space among them, even in the most tightly packed soils. This is termed 
the pore space of a soil. The pore space of soils varies from approximately 
30 per cent of the volume of the soil in sandy soils to about 50 per cent 
of the volume in clay soils, or even higher in soils which are very rich 
in organic matter. More important from the standpoint of plants than 
the total pore sjuice is the relative proi>ortion of large and small pores. 
A soil in which the pore space is about equally divided between large 
and small pores is a niore favorable environment for the roots of most 
kinds of plants than one in which most of the pores are large or in which 
most of the pores are small. In such a soil the large pores permit adequate 
drainage anfl aeration, while the small pores permit considerable capillary 
retention of water. The pore space of any given soil depends upon the 
physical and chemical conditions to which the soil is subjected. Condi- 
tions favoring a crumb structure of a soil, for example, usually result 
in an increase in its pore space. The interstitial spaces of a soil may be 
occupied entirely by gases, as in desiccated soils, entirely by water, as 
in saturated soils, or, as in most usually true, partly by water and partly 
by gases. The relative proportions of water and gases present in any 
given soil vary, depending upon the water content of the soil. 

In well-aerated soils the soil atmosphere often does not deviate greatly 
in the proportion of gases present from the atmosphere proper. Oxygen 
concentrations in the soil atmosphere may range from approximately 
the usual atmospheric concentration down to near-zero values. Very 
low oxygen concentrations, liowever, are seldom found except in exces- 
sively wet soils. Concentrations of carbon dioxide as high as 10 per cent 


are not uncommon in some soils, and even higher values have occasionally 
been found. The highest concentrations of carbon dioxide in the soil 
atmosphere usually occur during the late spring and summer months. 
Except in very dry soils the soil atmosphere is usually saturated with 
water vapor or nearly so. 

5. Soil Organisms . — The soil flora includes bacteria, fungi, and algae. 



SOIL-WATER RELATIONS UNDER FIELD CONDITIONS 211 

The bacteria are generally the most abundant of all the living organisms 
present m any sod. Among them are the nitrifying, sulfofying, nitrogen- 
ixing, ammonifying, and cellulose-decomi)osing bacteria. The bacteria 
accomphsbmg the o.xidative decomposition of cellulose and similar com- 
pounds arc the most important agents in the fonnation of humus. The 
numbers of bacteria present vary greatly from soil to soil, and in any 
one sod vary wdh seasonal and other fluctuations in soil conditions. 
Most sods contain between two million and two hundred million indi- 
vidual bacteria per gram of soil. The number of bacteria decreases rajiidlv 
with increasing depth, sub.soils being sterile or inacticallv so. In general 
an abundant representation of mo.-t species of bacteria is favored in 
sods by warm temperatures (3,5°-40“C.) , good aeration, and a good but 
not superabundant water supjdy. .Some species of bacteria, on the other 
hand are anaerobic and thrive when aeration of the soil is deficient, 
rhe denitrifying bacteria and certain of the nitrogen-fixing bacteria 
i( lostndmm sjip.) are examples of anaerobes. 

Fungi arc, in general, most abundant in .soils of acid reaction. In such 

sods they largely replace bacteria as agents of decomposition of organic 

matter. The fungal components of mycorrhizas (Chap. XXIV) arc also 
important soil organisms. 

The soil fauna includes protozoa, nematodes, earthworms, insects 
insect larvae, and burrowing species of the higher animals The earth- 
worms are generally credite.l with having the most important effects 
on sod structure, at least in many soils. Their activities result principallv 
m a genera loosening of the soil, which facilitates both aeration and clLs- 

rnbidion of water. Many of the other soil- animals have similar effects 
on the structural organization of the soil. 

Soil-Woter Relations under Field Conditions— In a remnn . r 

mate, if a hole is dug or bored into the ground at almost anv ^r^rwhere 

water the water table will iis II '”i Pioximity to large bodies of 

feet under the sod su;)!! Fven 

some local situations in which a waterTu ♦I'vre arc 

the water table in any localitv u . if n The depth of 

odlv, with seasonal and nerioA' "i ' flimtuates, sometimes very mark- 
evaporation, t'- -I'-^tive rates of rainfall, 

soil layers sometimes impede^ do\° Relatively im|)ermcablc 

to cause the development^ of temf Percolation of water sufficiently 

opment of temporary water fables which may be far 
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above the level of the true water table. Such temporary water tables 
have essentially the same effects on soil-water relations as true water 
tables, except that their influence is often only a transient one. 

For many years an important role was ascribed to the capillary rise 
of the water from the water table into the soil above in maintaining 
the moisture conditions within that soil. Recent investigations have 
shown, however, that the importance of this source of water in soils has 
been overemphasized. Experiments upon the rise of water through col- 
umns of soil indicate that water seldom rises through the soil by capil- 
larity from the water table at an appreciable rate for heights of more 
than a few feet (Keen, 1928). In a typical loam soil the absolute max- 
imum capillary rise of water is about 8 feet (Shaw and Smith, 1927). 
Not only is the height to which w’ater moves in a soil by capillarity much 
less than it was once thought to be, but the actual rate of movement in 
most soils is very slow. 

In many soils the water table lies so far below the soil surface that it 
has little or no effect on the soil moisture conditions in the soil layers 
which are penetrated by the roots of most plants. Generally speaking, 
even in loam or clay loam soils, a capillary rise of water from a zone of 
complete saturation is probably ineffective in providing the roots of most 
species of plants with any considerable part of the water which they ab- 
sorb unless the water table is within about 15 feet of the surface. Some of 


the more deeply rooted species may obtain some water from a water table 
located at depths as great as about 30 feet, but the presence of a water 
table at greater depths than this is a negligible factor in supplying the 
roots of any species of plants with water. A capillary rise of water from 
a water table is usually an important source of water for plants in such 
locations as river bottomlands, or in fields or forests in close proximity 
to ponds or lakes. In many and perhaps most agricultural soils in moist 
climate regions plants obtain some water from the water table at least 
during the earlier part of the growing season. However the widespread 
practice of drainage of agricultural regions has often resulted in such a 
marked lowering of the water table as to reduce greatly the possibility 
that capillary rise of water from below will supply crop plants with any 


significant part of the water which they absorb. 

The other important source of soil water is- that part of the precipita- 
tion — ^usually rain, although often melting snow or ice — which percolates 
downward into the soil. In dry regions this is the only source of water 
naturally available to plants. Even in more humid regions this is the 
principal or only source of available soil water in most soils during the 
dry season of the year. In many dry regions irrigation is an important 
way in which water is supplied to crop plants. The percolation behavior 
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of irrigation water is essentially similar to that of the water from natural 
Drecipitation. 

Let us now consider how percolating water becomes distributed in a 

soil. We will assume that the soil under consideration is relatiA-cly dry, 

i.e., that its water content is substantially below the field capacity (see 

later), and that it is essentially homogeneous in structure to a dejith of 

a number of feet. Furthermore, we will assume that the water table is so 

far below the soil surface that it has no effect on soil-water conditions 
in the upper layers of the soil. 

Let us now assume that 2 inches of rain falls on this soil. After an ap- 
proximate capillary equilibrium has been attained the soil will be mois- 
tened to a certain depth which will vary greatly depending upon its 
porosity and other properties. In general, the depth of this moist blanket 
of soil will lie within a range of a few inches in hea^y clay soils to perhaps 
2 feet in very sandy soils. In this hypothetical example let us assume that 
the soil has been moistened to a depth of one foot. The rain that enters 





Fig. 63. 
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the soil through its surface layer increases its water content sufficiently 
so that capillary distribution of water within the soil begins, capillary 
movement under such conditions being in the downward direction. The 
force of gravity also has an influence, but under the conditions as pos- 
tulated it is so small in comparison with the capillary forces at work that 
it ma}'^ be disregarded. As the water becomes distributed through a soil 
the water films gradually become attenuated until eventually capillary 
movement of water becomes negligible. When this attenuation of the soil 
water has reached its limit, water is believed to occupy only the smaller 
interstices in the soil. 


The depth of this moist blanket of surface soil will depend, therefore, 
upon the limit to which water can be transferred in the downward direc- 
tion by capillary movement. Furthermore, the water content of this moist 
layer of soil will be approximately uniform, and the boundary between 
it and the zone of drier soil below will be fairly sharp (Fig. 634). The 
attainment of this condition has required the movement of water until 
it comes to an approximate equilibrium with the cajiillary and gravita- 
tional forces influencing its translocation through the soil (Veihmeyer 
and Hendrickson, 1927). 


Following \h<‘lim(‘yer and Hendrickson (1931) we shall use the term 
field caparifij for the water content of the moist layer of soil after capil- 
lary mov(‘ment of water has become negligible. Alost soils reach their 

• • * 

field capacity within a period of two days or less after a ram or irriga- 
tion, unless a water tabl<‘ is i)resent within a few feet of tlu* surface. It is 


important to realize that a soil at its field capacity is 
saturated. Field cajiacities range from about 5 per cent 


far from being 
in very sandy 


soils to about 45 per cent of the dry weight in clays. 

Let us now assume that another 2 inches of rain falls on this same soil 


before any appreciable amount is lost from its ui)per layers by evapora- 
tion or transpiration. After a new approximate capillary equilibrium has 


been attained the upper foot of soil will not have increased in water con- 
tent, but a layer of the soil approximately 2 feet in depth will now' be 
moistened up to its field capacity (Fig. 63^). In other words, addition of 
a second increment of water equal in volume to the first does not increase 
the water content of the already moist layer of the soil al)Ove its ficU 
capacity, but results, because of further capillary movement, in raising 
to its field capacity a second layer of soil, lying directly under the zone 
which had been moistened by the addition of the first increment of lain, 
and ap[)roximatcly equal to it in thickness. Although tli(^ exact mechanics 
of the distribution of w^atcr under these conditions is prol)ablv more corn 
plicated, the effect produced is as if th(? second increment of water simp y 
flows through the moist blanket of soil under the pull of gravity, a ter 
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Successive rainfalls would thus continue to deepen the layer of soil 
which has been moistened up to its field capacity. If the water table is 
not too deep and if sufficient rainfall penetrates the soil, not too much of 
\ iich IS utilized by plants growing thereon, eventually the entire soil 
from Its surface down to the water table will be moistened to its field 
capacity. A zone several feet in height just above the water table mav be 
enriched somewhat above field capacity by upward cajiillarv movement 
from the water table (Fig. fiSD. If additional water is aiiplied to the 
soil after the entire soil ma.ss down to the water table has attained its 
field capacity, Uiis water percolates down through the ..oil under the in- 
fluence of gravity and becomes a part of the ground water. Such condi- 
tmns obtain in many of the soils of more humid regions at least .luring 
the wetter seasons of the year, provided that the water table is not lo- 
cated at too great a depth. This downward percolation of water to the 
water table is an important factor in influencing its depth below the soil 
surface, which usually fluctuates considerably from sea.son to season 
In the preceding discussion only the simplest possible situation that 
o a homogeneous sod, has been considered. However, most soils cm.sFt 
of a aertical succession of several distinct horizons, each with more or 
e.s distinctive iihy.sical an.l chemical properties. Even after lom^ con- 
_ nued disturbance of a soil by plowing or other cultural activities at 

eas some semb ance o the original soil stratification usually perd’sts 
In the horizons below those reached hv the nlnw tl.o • T . ^ 

organization of the .soil is u.sually maintained practically intact Altr^'f 

the individual horizons of a soil are often fairlv bl^ 

themselves, each such horizon in a given soil "ithin 

capacity of its own. The wal^e; cont^tT of thTL ‘‘'"r ^ 
after an equilibrium in the ca|)illarj^ distribution ofTat 
tamed, may therefore be very different 

A somewhat erratic distribution of rainfall . 

results from cracks or channels which n j underlying soil often 

agency or another. Many soils crack uno^i! 

of several feet. Such cracks often fa f^ometinu's to depths 

considerable depth in the soil SimilarhAff "" '77 " 

deeper layers of the soil. The burrows of^I"^ "T 

entry of water into a soil The nre ^ ^"™als may akso facilitate the 
impervious layers of soil clo.se to the *^"7 ’■datively 

cdly the simple picture which has be '''■'‘y mark- 

L.b«,.,oa h of s'ii 

’ R.loti„„s._Thc problon, „f the 
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water relations of soils has also been approached from the standpoint of 
laboratory measurements. All such measurements of soil-water relations 
are open to the criticism that the soil as used in the laboratory does not 
retain the same structural relationships w^hich it possessed in the field. 
Nevertheless, laboratory measurements on soil-water relations, made ac- 
cording to usual procedures, yield, wuth most soils, results close enough 
to those obtained with undisturbed soil samples to be very useful. Only 
several of the more significant of such measurements will be described. 

1. Water Content. — The water content of a soil is commonly expressed 
as the percentage of water present on the basis of the dry weight of the 
soil. Samples of soil are brought from the field in closed containers, 
weighed, and dried to constant weight at (usually) 105°C. The loss in 
weight represents the water which was present in the soil. Measurements 
of the water content of soils without regard to the physical status of the 
water present are of little significance. Laboratory determinations of the 
water content of soils under certain specified conditions, as in measure- 
ments of field capacity, moisture equivalent, and permanent wilting per- 
centage (see below), on the other hand, yield data of considerable value 
in interpreting the water relations of soils. 

2. Field Capacity. — Reasonably accurate estimates of the field capacity 
of many soils can be made by a relatively simple laboratory procedure. 
The soil is first air-dried and then tapped into place so as to nearly fill a 
tall glass cylinder. A small quantity of water is then poured on top of 
the soil and the cylinder capped to prevent evaporation. The water will 
move slowly downward through the soil but, after two or three days, 
further downward movement will have virtually ceased. The water con- 
tent of the upper, moist part of the soil column is then determined by the 
usual method of oven-drying; this, expressed on the basis of the dry 
weight, is the field capacity. If so much water is added that the entire 
soil column is moistened from top to bottom, the determination is in- 
validated (why?) and must be repeated using a smaller quantity of water. 

3. Moisture Equivalent. — The moisture equivalent is defined as the 
percentage water content that a soil can retain in opposition to a pu 
one thousand times that of gravity (Briggs and McLane, 1907). It ^ 
determined by placing samples of the soil in especially designed cups wi 

a perforated bottom and whirling them in a centrifuge for (usually) one 
half hour (Veihmeyer et al., 1924) . This displaces all of the more loo^ y 
held water; that retained by the soil is determined by the usual met o 
of oven-drying, and expressed as a percentage of dry weight, this is e 

I 

moisture equivalent. 

Although the moisture equivalent of a soil is an arbitrary va ue, in 
many kinds of soils it has been found to approximate the field capaci y 
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veiy closely. The principal utility of this measurement, therefore, has 
been that of a quick laboratory method of indicating the approximate 
field capacity of a soil. However, the correspondence between these two 
values is close only in soils of intermediate properties; in sandy or heavy 
clay soils the divergence between the field capacity and moisture equiv- 
alent is often considerable ( Vcihmeyer and Hendrickson, 1931 ; Work and 
Lewis, 1934; Browning, 1941). Hence considerable caution must be exer- 
cised in accepting moisture equivalents as valid indices of field capacities. 

4. Permanent Wilting Percentage. — The previously described measure- 
ments of the water relations of soils are all purely physical determina- 
tions. In contrast the permanent wilting percentage (also called wilting 
percentage, wilting point, or wilting coefficient) is a physiological meas- 
urement. This quantity is defined as the percentage water content to 
which a soil is reduced when the plant or plants growing in it have just 
reached a condition of permanent wilting (Briggs and Shantz, 1912a). 
A permanently wilted plant is one that will not recover its turgidity un- 
less water is supplied to the soil (Chap. XV). 

In order to determine the permanent wilting percentage of a soil a 
sample is first enclosed in a waterproof vessel. The test plant— sunflower 
is most commonly used (Hendrickson and Veihmeyer, 1945; Veihmeyer 
and Hendrickson, 1949)— is generally allowed to develop from seed in 
the soil sample until it has attained a suitable size. The soil .surface is 
then sealed over in some manner so that all loss of water from the system 
occurs through the plant. The plants eventually pass into a state of per- 
manent wilting as a result of loss of water by transpiration. When the 
sunflower is used, permanent wilting of the lowest pair of leaves judged 
to have occurred when they fail to recover if placed in a saturated at- 
mosphere overnight, is generally taken as the critical point in the deter- 
mination. As soon as this occurs a sample of the soil is removed and its 
water content is determined. 


Prior to extensive determinations of permanent wilting percentages it 
was supposed that plants differed very markedly in their capacity to 
reduce the water content of a soil. It was assumed, for example Ihat 
species which could endure drought conditions could deplete the moisture 
content of a soil to a lower jicrcentage before showing permanent wilting 

o drought. Extensive investigations have shown, however, that hydro- 

U cn 'tv'ne" oT ^>1 reduce the water content of a 

LnLt St T the condition of per- 

manent \tilting is induced (Table 16) ^ 

""“”8 Percentage for a given soil shows no 
appreeiable variation when measured by means of different plants grow- 



218 


SOILS AND SOIL-WATER RELATIONS 


ing in it, the value varies greatly with the type of soil. The percentage of 
water remaining in a soil when permanent wilting of the plants growing 
in it occurs ranges from approximately 1 per cent in some sands to ap- 
proximately 25 per cent in heavy clays. 

According to Caldwell (1913) and Shive and Livingston (1914), a 
greater percentage of water is left in the soil at permanent wilting if the 
])lants are transpiring rapidly than if they are transpiring slowly. Later 
investigations by Veihmeyer and Hendrickson (1934) and Furr and Reeve 
(1945), however, indicate that the permanent wilting percentage is not 
materially affected by the rate of transpiration of the test plants. In gen- 


TABLE l6 RELATIVE WILTING PERCENTAGES FOR DIFFERENT SPECIES OF PLANTS (dATA OF 

BRIGGS AND SHANTZ, 1912^) 


Species 

Relative 

wilting 

percentage 

Species 

Relative 

wilting 

percentage 

Corn 

1.03 

0.994 

0.995 

1.03 

1 .04 

1 .06 

1.05 


0.99 

1 .06 

1.05 

1.06 
0.99 

1 . 10 

1 .06 

Wheat 

Potato 

Oats 

Buclcwhpaf 

White sweet clover 

Red beet 

Red clover 

Flax 

Tomato 

Hydrophytes (several species). . 
Xerophytes (several species). . . 

Cotton 


The value of the wilting percentage for each species was determined by calculating the 
ratio of the individual determination to the mean of all determinations made with that 
soil. The values given in this table arc the average^mean ratios for a number of deter- 
minations on each species. 


eral, this quantity appears to be controlled largely by soil conditions and 
is only slightly affected by the species used or by the climatic conditions 
to which the plants are exposed. 

The significance of the permanent wilting percentage lies in the fact 
that it is the percentage of soil moisture below which no growth of a 
plant occurs. Wilted plants continue to reduce the water content of a 
soil, but at such a slow rate that restoration of turgidity is impossible 
because the rate of transpiration even from a wilted plant exceeds the 
rate of absorption of water from a soil at its permanent wilting percentage 
or lower. From a physiological viewpoint the permanent wilting per- 
centage is probably the most significant index of soil-water conditions 
since it appears to be a relatively stable value for a given soil, and be- 
cause it marks the lower limit of the range of soil-water contents at which 
growth of plants occurs. 
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5. Wdting Range.— As the previous discussion has indicated, plants 
can survive and even absorb limited amounts of water at soil-water 
contents below the permanent wilting percentage. The range of soil- 
naoisture contents between the first permanent wilting of the basal leaves 
of sunflower plants and the permanent wilting of all of the leaves on a 
plant (“ultimate wilting point”) has been called the wilting range (Taylor 
ef of 1934). The wilting range is usually narrower in coarse-textured 
soils than m fine-textured ones (Furr and Reeve, 1945). As little as 11 
per cent to as much as 30 per cent of the soil-water content between the 
moisture equivalent and the ultimate wilting point may lie within the 
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^^ilting range. In general, growtli of plants cannot occur while the soil in 
which tliey are rooted is within the wilting range. Alany, although not 

.all, kinds of plants can survive, however, often for long periods, under 
such conditions. 

Interrelationsliips between soil-water content and the various indices 
of soil-water relations arc shown graphically in Fig. 64 . 

The Diffusion-Pressure Deficit of the Water in Soils. — In preceding dis- 
cussions of the water relations of plant cells and tissues, it has been shown 
that the most significant unit for the exjiression of the dynamics of water 
relations of plant cells is the diffusion-jiressure deficit. Since all problems 
of the absorption of water by plants involve a consideration of the rela- 
tion of the water in the soil and the water in tlie plant, it is desirable that 


TABLE 17— DIFFUSION PRESSURE DEFICIT VALUES OF AN “oSWEGO SILT LOAM SOIL** AT DIF* 
FERENT WATER CONTENTS, AS INDICATED BY THE ABSORPTION OF WATER BY COCKLEBUR 
SEEDS (data OF SHULL, I916) 


Soil moisture, 
per cent of dry weight 

Water imbibed bv seeds, 
per cent of 
air-dry weight 

Diffusion pressure 
deficit of the soil water, 
atm. 

5.83 (“air-dry’') 

0 00 

965 

936 

6,47 

375 

It. 79 

n 94 

130 

13.16 

2! 36 

7 ^ 

l 4 - 

2i. 6l 

38 

17. 10 

37 70 

19 

17-93 

43 - 25 

II. 4 

18.07 

4515 

7-6 

18.87 (approx, wilting percentage) 

47.26 

3-8 


this concept of the diffusion-iu’essure deficit of water be extended to the 
soil water if the absorption of water is to be interpreted in terms of 
dynamic units. 

One of the first successful attempts to measure the retentive capacity 
of the soil for water was made by Shull ( 1916 ). Air-dry seeds of the 
cocklebur (Xanthium pennsylvanicum) were used as the ^‘instrument 
for measuring the diffusion-pressure deficit of the soil. Seeds of this 
species were first placed in salt solutions of various osmotic pressures 
and the percentage of water which had been imbibed when an equilibrium 
was attained in each solution was first determined (Chap. VII). 

Once the percentages of water held by these seeds when in equilibrium 
with solutions of different osmotic pressures had been determined, the 
diffusion-pressure deficit of any medium in which they might be immersed 
could be measured. For example, if some of these seeds were immersed in 
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a medium of unknown osmotic pressure tdiffusion-pressuro deficit) until 
a dynamic equilibrium was established, after which it was determined 
that their moisture content was 32.8 jicr cent, a diffusion-jnessure deficit 
of 26.6 atm. was indicated for the medium (Table 10). This principle 
was applied to the measurement of the diffusion-jiressure deficit of soils 
at different water contents. A samide of soil at a known water content 
was shaken with some of the seeds until an equilibrium was attainerl, 
after which the water content of the seeds was detemiined. 

As the data in Table 17 indicate, the diffusion-pressure deficit of the 
water in an air-dry soil is of the order of magnitude of 1000 atm. With 
an increase m the soil-water content, its diffusion-pressure deficit de- 
creases. In the range of low water contents, a small increase in water 
content corresponds to a very large decrease in the diffusion-pressure 
deficit of the soil. As the water content of the soil is increased further, 

the diffusion-pressure deficit continues to decrease but at a progre.ssivelv 
slower rate. 

Diffusion-pressure deficit values for soil water can be calculated from 
the results of a number of other types of measurements. Among these 
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arc vapor-prcssurc measurements (Thomas, 1924), determinations of the 
freezing-point depression of the soil (Bodman and Day, 1943), measure- 
ments of th( imount of water retained by a soil in equilibrium with ten- 
sions of a known magnitude (Gradmann, 1928), and measurements of 
the quantity of water retained by a soil in equilibrium with pressures of 
a known magnitude (Richards, 1941, 1949). Each of these methods is 
suitable only for a certain range of soil-water contents. 

From data obtained by one or more of these methods it is possible to 

construct for any soil a water-content diffusion-pressure deficit curve 

(Fig. 65). Most of the important soil-water relations can be interpreted 
in terms of such .'urves. 

Such a curve is characterized by a marked rise in diffusion-pressure 
deficit in the region of low soil-water contents. As already shown by the 
results presented in Table 17, in this zone of soil-moisture contents a 
very small decrease in soil-water content corresponds to a very consider- 
able increase in diffusion-pressure deficit. 

Experimentally determined values for the diffusion-pressure deficit of 
the water in a soil at the permanent wilting percentage vary somewhat 
depending upon the kind of soil and the method of determination, but 
appear to be commonly in the neighborhood of 15 atm. (Richards and 
Weaver, 1943). The position of the permanent wilting percentage is just 
above the region of the sharp upward inflection of the diffusion-pressure- 
deficit soil-water content curve. The position of this value on the curve 
makes understandable the fact that further absorption of water by plants 
from soils at water contents below the permanent wilting percentage 
occurs very slowly. 

The diffusion-pressure deficit of the soil water when the soil is at field 
capacity is not more than a few tenths of an atmosphere (Richards and 
AVeaver, 1944). Absorption of water by plants occurs readily at such a 
low soil-water diffusion-pressure deficit. At the field capacity the diffu- 
sion-pressure deficit of the soil water results principally from the osmotic 
effects of the dissolved salts (Bodman and Day, 1943). At lower soil- 
water contents, on the contrary, the diffusion-pressure deficit of the soil 
water results principally from attractions between the soil particles and 
the water molecules. 

In most soils the water readily available to plants is that in the range 
between the field capacity and the permanent wilting percentage. In gen- 
eral, this range is narrow in sandy soils, wider in loam soils, and widest 
in clay soils. Hence, at the field capacity, clay soils contain the greatest 
quantities of both available and unavailable water, loam soils the next, 
and sandy soils the least. The total quantity of available water in a soil 
often becomes a limiting factor in plant growth. In the absence of rain- 
fall or irrigation it is obvious that a plant can develop longer if rooted 
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m a loam soil, for example, than in a sandy soil, if both were initially at 
their field capacity. 

The foregoing discussion of this topic refers primarily to soils in whieli 
the concentration of solutes in the soil solution is negligible or nearly so 
This IS the prevailing situation in the vast majority of agricultural 
grassland, and forest soils. In some soils, however, the eoneentration of 
the soil solution may become appreciable. The most extreme examples 
of this situation are found in alkali and saline soils in which the osmotic 
pressures of the soil solution may reach, in extreme cases, 100 atm or 
more. Although certain species of halophytes can survive in extremely 
saline soils most plants are markedly retarded in growth if the osmotic 
pressure of the soil solution exceeds a few atmospheres. Because of the 
higher osmotic pressure of the soil solution, the diffusion-pressure deficit 

soil. With decreasing water •. ntent of a saline soil its osmotic pressure 
increases. Furthermore, the shape of the diffusion-pressure deficit soil- 
water content curve will be different for a saline soil from that for an 
otherwise similar but nonsaline soil (Wadleigh, 1946) In general the on 
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^oil when both are at the permanent wilting percentage*’ ^ 
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Roots and Root Systems. — The root system of a j)lant is often as dis- 
tinctive in form and structure as its aerial portions. Each species has, 
\\ hen growing in its usual type of habitat, a characteristic set of roots, 
just as it has a recognizal)ly distinctive top wlien growing within its 
usual range of climatic conditions. Koot systems are subject to modifica- 
tions as a result of the influence of various soil factors, just as the form, 
height, spread or other features of the tops may be modified in accordance 
with the cliniatic conditions to which they are subjected. A coniferous 
tree may produce a stately, cone-shaped crown if growing in a favorable 
habitat, while another individual of the same si)ccies will be only a 
straggling, scrawny shrub if located near the tirnber line on a mountain. 
Similarly, a plant may develop a deej), profusely branched root system 
in a well-drained soil, while another indi^’idual of the same species will 
produce a shallow root system of entirely different configuration in a 
soil which is water-logged to within a foot or two of its surface. 

Superficially roots resemble stems, inasmuch as both are usually elon- 
gate, more or less cylindrical structures. There are, however, a number of 
important distinctions between the two types of organs. Roots arc gen- 
erally much more irregular in shape than stems. They are not differen- 
tiated into distinct nodes and internodes, and hence the branching of 
roots follows a much less regular pattern than the branching or bearing 
of lateral organs by stems. With few excejjtions the growing tip of every 
root is capped with a distinctive zone of cells known as the root cap; 
such a tissue is absent from the stem tips. The origin of lateral roots is 
very different from that of lateral stems; the former develo]) from deep- 
seated meristems; the latter from peripheral incristems. The arrangement 
of the primary tissues in roots is usually different from the arrangement 
of the primary tissues of stems. Roots bear no appendages w'hich arc 
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- comparable to leaves or flowers, and lack stomates which are present in 
many stems. 

When a seed prminates the first root which api.ears is called the 
root. This develops from an apical growing region which is al- 
eady differentiated in the embryo. The primary root, which mav be con- 
sidered as a downward extension of the main axis of the j.lant, gradually 
ongates grows in diameter, and produces lateral branches. Branches 
d sub-branches of the primarj- root are called secondary roots. 
lie primary root and its branches considered collectively arc called 

si/siew. In the seed plants primary root systems develop 
rom embryos. In many species the primarv' root system remain-- the 

nhni °I root system throughout the life of the 

plant. In perennial plants, especially certain tree species, such primary 
root systems may attain an enormous size 

All other roots, regardless of the organ of the plant on which they de- 
velop, are termed adventitious roots. The roots which develop from Inilbs 
tubers, conns, rhizomes, and cuttings are classed in this category Adven- 
titious roots may even ari.se from the leaves of .some species such as 
gonia, bryophyllum, and walking f.Tn. Such roots also develop from 
the lower nodes of the vertical stems of many species, especially n o l ocot 
n some species, maize for example, they mav arise from no.les .,bove the 
soil surface becoming the so-calle<l prop roots. When thm- develop from 
he stems adventitious roots most commonly arise at th<> nodes. 

generalized types of root systems which are often distin 
fd^Jntt-^''*' '•oot systems and fibrous root systems. Practically all 

however, by a nZbe” of 2 y"' * "1“' " greatly influenced, 

shoot-root ratio in Chap. XXXIII) conditions (see discussion of 

The depth to which roots penetrate intr» * * 
acteristic, some species beimr tvnicall ^ species char- 

However, prevailing oil eondiS T" than others. 

upon the Jepth of penetratiL orroor " pronounced effect 

close to the soil surface that the penetrlti^°''^f 
IS prevented. Similarly the presence of hi^H 

tight layers of soil not far belnw or otherwise extremely 

hinders the invasion o the g-^tly 

close to the soil surface do^lrS ^able is 

retarded because of the d fi ' f cif roots of most species is 

the deficient aeration of saturated soils. Only the 
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roots of liydrophytcs, as a rule, can penetrate very far into saturated 
soils. In dry climates, as for example tlie western plains area of North 
America, the lower limit of root growth is determined by the depth of 
infiltration into the soil of the scanty rainfall, as, generally speaking, 
roots cannot grow into dry soils. In deep, moist, well-drained soils, on 
the other hand, the depth of penetration of roots is limited not by soil 
conditions but by factors inherent within the plant. 

Extensive in'cestigations have been conducted by Weaver (1926) and 
Weaver and Bruner (1927) on the dei)th of penetration and general dis- 
tribution in the soil of the roots of many crop plants as well as of some 
species in their natural habitats. ForuKM'ly the concept was prevalent that 
the roots of crop plants do not penetrate greatly below the depth to which 
the soil is plowed. These investigators showed, however, that in Avell- 
drained soils the Inilk of mots of most crop ])lants is located in a zone 
between the surface and a de])th of 3 to 5 feet. Some individual roots 
penetrate to greater distances; with most crop plants a few roots were 
found to roach depths of 6 to 8 feet dej^ending ui)on the species. 

('ontrary to pojndar ojnnion the roots of trees do not usually penetrate 
for very great distances into the soil. As a rule most of the root sj'steni 
of the va.'-t majority of trees will be found in the upper few feet of the 
soil. If soil conditions j>ermit, a few roots penetiate to greater depths, 
hut growth of trea* I'oots to a d(‘i)th of more than 10 feet beneath the soil 
surface is uncommon. Tix'cs growing in deep, well-drained soils, especially 
if sandy or gravelly, may sometimes he exceptions to this statement. 
Under such conrlitions the roots of some speci(\s, such as cottonwood, may 


penetrate into the soil for 20 feet or more. 

The lateral extent as well as the deptli of penetration is an important 
gross feature of any root sj-^stem. In general, the lateral roots lying close 
to the soil surface attain the greatest horizontal spread. This vanes 
greatly according to the environmental c{)nditions to which the root 
system of a plant is subjected. In the more aricl climates of the woild it 
is a common obsenwation that the scantier the rainfall the more extensive 
the lateral develoiiment of the root system of many species. Correspond 
ing with this increased lateral development there is usually, under sue 

conditions, a decrease in the depth of penetration. 

The density of the vegetation is also a factor of imjiortance in deter 
mining the lateral spread of roots. The influence of this factor has been 
observed largely with crop plants. Generally a plant which is closely snr 
rounded by other plants will liave a more restricted lateral spread 
root system than one growing at some distance from its neighbors. ^ 
lateral spread of the roots of a crop plant such as wheat, growing m a 
dense stand, is always less than that of an isolated plant of the same 
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species. Isolated trees or those growing in open stands often liave root 
systems which extend far beyond the spread of tiie crown. In artificial 
tree plantations the density of the stand affects the lateral sinead of the 
roots just as it does in crop jilants. The same ])rincii)lc also operates in 
natural forests but is there complicated by the greater diversity of species 
and of age groups than is usually jircsent in an artificial jilanting of trees 
The Absorbing Region of Roots.— Most of the ab.sorption of water and 
mineral salts oceurs in the terminal {lortions of roots. Ilecause of the ex- 
tensive branching of roots there are often millions of root tips on the 
loot system of a mature plant. From a ])hysiologieal point of view the 
number of root tips borne by a root system is probably the most imiiortant 
index of its effectiveness in obtaining water and mineral salts from the soil. 

The external morphology of a root tip can be observed most casilv in 
roots which have developeil in moist air. Upon close examination of a 
root tip, four distinct, but intergrading, regions can usually be discerned 
with no greater magnification than that afforded by a hand lens or in 
many species, even with the naked eye. At the apex of the root is’ an 
extremely short region, white in color, which is known as the root cap 
Just above the root cap, an.l partly covere.l by it, is the merhten>„t,c 
region, the zone of maximum cell divi.sion, which is seldom more than a 
millimeter in length and which is usually distinguishable by a yellowish 
color. Next above the meristematic region is the region of cell enlarge- 
ment, usually not more than a few millimeters in length, in which most 
increase in length of the root occurs. Above this region is usually present 
the root-hair zone which bears the slen.ler hair-like outgrowths of the 
epidermal cehs known as the root hairs. The root-hair zone varies in 

length depending on the species and the conditions to which the root is 
subjected during its development. 

Most evidence indicates that the region of the root tip in which maxi- 

mum absorption ^f^va^ occurs cojresp ond^to the root-hair zone or 

high, but relati™ly little movement ot ivater into the roo/MMmftrough 
the root cap and meristematic region. In contrast n-ith the absorption of 

rr .r ^ofrrzt tiTs: 

vargr.i;':rsX,' "The 

ayers oi the root become subenzed or lienified nr ■ u 

roots cork cambiums develop (see later! t °' 

absorotion aoouva u ^ ^ later). In general, relatively little 

rp rs through such regions of a root, although appreciable 
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amounts can be absorbed through the older suberized roots of at least 
some species (Kramer, 1946). 

Anatomy of Roots.— If a longitudinal median section be cut through 
a root tip such as has just been described, and examined under a micro- 
scope, the anatomy of the several regions of the root can be observed 



Fig. 06. Median longitudinal sec- 
tion (approximately 3 mm. in 
length) of onion root tip. Photo- 
micrograph by Tillman Johnson. 


^ iMg. 66). The root cap is a more 
or less thimble-shaped assemblage of 
cells covering the distal end of the 
ineristematic region. It apparently 
minimizes mechanical abrasion of the 
root tip as it grows through the soil. 
Such abrasion gradually tears off the 
outer terminal cells of the root cap, 
but these are replaced by new root- 
cap cells which are formed by cell di- 
visions occurring in the lowermost 
layers of the cells of the meristematic 
regions. 

The meristematic tissue of a root tip 
is composed of small, thin-walled cells 
with prominent nuclei. As new cells 
are formed by cell division they begin 
to enlarge, principally in the direction 
of the long axis of the root. The divi- 
sion of meristematic cells and their 
subsequent elongation result in pro- 
jecting the growing region and root 
cap forward through the soil and ac- 
count for the growth in length of the 
roots. The region of cell elongation is 
seldom more than a few millimeters 
in length. This contrasts markedly 
with the corresponding region of a 
stem tip which may be as much as 10 
cm. in length or even longer in some 
species. Only a small part of the root 
tip — a few millimeters in length at 
most — is pushed through the soil. 
Since, in a growing root tip, the elon- 
gation of cells ensues as soon as they 
are formed by cell division, a cell 
which is one day in the region of cel 
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— root hatr 


epidermis 


division IS the next day in the region of cell elongation, subsequent divi- 
sions in the meristematic tissue having produced additional layers of 
cells beyond it (Chap. XXIX I . 

The anatomy of a representative root, as shown in cross section through 
the root-hair zone, is illustrated in Fig. 67. The structure of a young root 
shows a number of distinctive 

features. The cortex is relatively 
thicker than that of stems. This 
characteristic is especially no- 
ticeable in fleshy roots in which 
the thickness of the cortex is 
often many times the radius of 

the stele. The intercellular spaces 
of the root cortex are also more 
prominent than those in the stem 
cortex in which the cells are 
rather densely packed. An endo- 
dermis is almost invariably pres- 
ent in roots; this is generally 
considered to represent the in- 
nermost layer of the cortex. 

While an endodermis is found in 
the stems of many species, it is 
by no means of universal occur- 
rence. Just within the endoder- 
mis is present a narrow zone of 

parenchymatous pericyclic tis- 
sue. Usually this is continuous, 
but in some species, as described 
below, it may be discontinuous. 

Lateral roots most commonly 
originate in the pericycle. 

In roots the primary xylem 
and the primary phloem are 
present in a radial pattern. The 
primary xylem as seen in cross 
section appears as a number 
(usually 2 to 5, although some- 
times as many as 20) of radially 



cortex 


endodermis 

-pencyc/e 


m ce//z 


Fig. 6/. Cross section of a segment of a 
young maize root through the root-hair 
zone. Only a portion of each root hair is 

showm. 


Slmfin somt especTallv composed of 

xylem strands terminate radkir”-^’ ‘^o^riposed of pith. Usually the 

terminate radially m contact with the pericycle, but in 
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some species they abut directly on the endodermis, breaking up the peri- 
cycle, as seen in cross section, into a discontinuous series of arcs. The 
primary phloem of roots occurs as patches of tissue (as seen in cross 
section) whicli alternate with the strands of xylem (Fig. 68). 

The structuic of the individual types of cells occurring in the root 
tissues is essentially similar to the structure of corresponding types of 
cells occurring in the stem. 

With few exceptions the roots of all perennials and many annuals grow 
in diameter as they increase in age by means of a cambium layer much 
as do most stems. The cambium layer is initiated in young roots in such 
a way that it lies inside of the strands of phloem tissues, and outside of 
the xylem strands. In cross section the original cambium layer appears 
as a wavy band, passing inside of each phloem strand, and outside of 
each xylem strand (Fig. 68). Once differentiated this cambium layer 
produces secondary xylem on its inside face, and secondary phloem on its 
outside, just as the cambium of stems does. The initial formation of sec- 
ondary tissues by a root cambium is usually more rapid in the segments 
of the cambium internal to the {)rimary phloem strands. Because of this 
differential growth rate the cambium of a root rapidly attains a circular 
aspect in cross section. The further differentiation of secondary phloem 
and secondary xylem proceeds in essentially the same manner tliat it 
does in stems. 

Most perennial roots sooner or later become encased in layers of cork 
cells. The initial cork cambium often originates in the pericycic. As 
layers of cork cells are produced by the cork cambium the cortex of the 
root, including the endodermis, is ruptured and the cells of these tissues 
die and decay away. Older roots therefore have a characteristic smooth, 
brownish, corky covering that is pierced only by Icnticels. W'ith increas- 
ing age, secondary cork cambiums may arise progressively more and 
more deeply in the phloem tissues. This results in the gradual loss of the 
pcricycle and older phloem tissues. The bark of older roots, therefore, is 
essentially similar to that of the trunks or larger branches of trees (Chap. 
XXIX) . Thick layers of bark do not as a rule accumulate on roots as 
they do on the trunks of some species of trees because of the rapid decay 
of all dead underground tissues. 

In the roots of species in which no sccoydary thickening occurs, as in 
many monocots, the epidermal layer of cells may persist intact, usually 
becoming suberized. In other such species the ei)idennis may die and de- 
cay, but when this occurs an underlying layer of the cortex cells in turn 

becomes suberized. 

Lateral branches of the primary root system usually originate in the 
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pericycle, most of them being formed in the region just above the root- 
hair zone. Usually the locus of origin of a lateral root is opposite one of 
the primary xylem strands. The first step in the formation of a lateral 
root in most species is the development of a group of meristematic cells 
by the division of several adjacent pericycle cells in the layer just inside 
of the endodermis (Fig. 69). By successive divisions these cells rapidly 
form an apical root meristem with its characteristic root cap, region of 
cell division, etc. As this develops the endodermis and tissues exterior 



Fir;. 60. Three staj^eS in the foriiiation of a lateral root. Meristematic cells 
(stippled) arise in the pericycle and the cells of the lateral root develop from 
these. Redrawn from Holman and Robbins (1938) after van Tieghem. 


to it arc first stretched and later ruptured. The elongating lateral root 
penetrates through the tissues external to it, partly by mechanical pres- 
sure, and perhaps partly by digesting the tissues through which it passes. 
Eventually the lateral rootlet emerges from the root of which it forms a 
branch and becomes an externally visible part of the root system. 

Root Hairs. — These structures are confined to the root-hair zone, which 
may be from a few millimeters to many centimeters in length, depending 
on the species and the conditions under which the root develops. Since 
the root-hair zone lies back of the region of cell enlargement, there is no 
forward progression through the soil of the individual root hairs along the 
axis of the root. In any rapidly growing root tip new hairs are continu- 
ally developing just back of the zone of elongation. New root hairs are 
thus constantly developing in contact with different portions of the soi , 
a fact which is of fundamental significance in the absorption of water 
and perhaps of mineral salts. Many root hairs are short-lived structures 
and often die within a few weeks or even less after they develop. In cor 
tain species, at least, some of the root hairs may remain alive for an en 
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tiro growing season, anil in a few species they may become suberized or 
lignihcd and persist for a year or longer. 

V er> little information is available regarding the abundance and dis- 

( 937) found root hairs to be present on all of the roots of a four-months- 

old rye plant. Ihis plant bore a total of about 14 billion root hairs On 

the other hand, some tree species, espeeiady certain conifers bear few 

or no root hairs. The roots of some species, such as maize, produce an 

abundance of root hairs when they develop in the soil or moist air but 
few or none when they de- ’ 

velop under water as in a so- (| d 
lution culture. The roots of ’A Jl 
other species, on the contrary, | \ . ■ J 

produce root hairs in abun- 
dance whether they develop in 
the soil or in water. Under 
field conditions maximum de- 
velopment of root hairs on 
most terrestrial plants appears 
to occur in soils with a mois- 
ture content between the field 
capacity and permanent wilt- 
ing percentage. 

A root hair is essentially a 
tubular outgrowth of the pe* 

ripheral wall of an epidermal cell, closed at its distal extremity i.roiectim: 
more or less at right angles from the long axis of the epi.lermal cell o^ 
which It IS an integral part (Fig. 70). Root hairs develop only from cer- 
tem of the epidermal cells. They range in length from less than a milli 
meter to about a centimeter and are usually about 10 jx m diameter On 
some roots as many as several hundred root hairs may be borne on a 

^^TerTtpirrr^ hain? : 

“ZulTjt three "o" LIT 

pectic complnd ^hH te: 



i i'J- fO. A yoiin^ root hair. 
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of a root hair is lined with a thin layer of cytoplasm which is continuous 
with the cytoplasm of the epidermal cell of which the root hair is a part. 
In water or in moist air the root hairs are usually straight, but in soil 
they are more or less contorted, and sometimes even branched, conform- 
ing to the shape and distribution of the soil particles among which they 
penetrate. Detailed investigations of the development of root hairs have 
been made by Sinnott and Bloch (1939) and Cormack (1949). 

The Pathway of Water Through the Root. — Water enters the roots prin- 
cipally through the walls of the root hairs and epidermal cells of the 
root tips. Absorption of water by individual root hairs has been demon- 
strated experimentally with micropotometers (Rosene, 1943; Rosene and 
Walthall, 1949). From the epidermal cells the water passes through suc- 
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Fig. 71. (^4) Thickened tangential walls of endodermis of a maize root, as seen 

in cross section. (B) Casparian strip in stem endodermis of Piper macrophylla, 
as seen in cross section. (C) Perspective diagram showing position of Casparian 

strip in an endodermal cell. 

cessive rows of thin-walled cortical cells, and then through the cells of 
the endodermis (Fig. 67). 

The structure of the walls of the endodermal cells is peculiar. Two 
main types of such cells have been recognized. In one type (Fig. 7lA} 
the inner tangential and radial walls, or sometimes the entire wall, is 
thickened. These thickened walls are suberized and sometimes part y 
lignified. In a second type (Fig. 71B and C) a thickened strip is presen 
on the inner surface of the radial and transverse walls, this thickening 
often being suberized. The width and general configuration of t ese 
Casparian strips^ as they are called, vary with the species. Regardless o 
type, most thickened endodermal walls are pitted. In some species having 
the thick-walled type of endodermis, there are present, opposite e 
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outer end of each area of x>-lem tissue (as seen in cross section) isolated 

hin-y-alled endodennal cells called passage cells. These are supposed to 

acihtete the movement of water and dissolved salts tlirough the endo- 

dermis Passage of water and mineral salts through the endoderrnis is 

I rohably also facilitated by the jiresence of lateral root initials which 

usually have developed by the time the endoderrnis is mature. 

After passing through the endodennis water moves into the x^dem ducts 

m most species after traversing a few intervening layers of pericyclic 

cells. Ihe route followed by water through the rest of 'the plant haLl- 
ready been described in Chap. XII. 

The Relation between Roots and Soil Water.-From the standpoint of 
he absorption of water by plants, a clear distinction should be made 
between conditions under which capilla^^ movement of water occurs 
readily m a soil and those under which such movement of water is slow 

LrZ ru re„l.,y tr.nslocatl: 

r f ^ " I'enever they are absorb- 

ng water. There are two principal conditions un.ler which capillary traL- 

location of water can occur in soils at appreciable rates; (1) in any zone 

of soil which IS not more than a few feet above a water table, and ^2) m 

e uppei lajcis of any soil after a hea\T rain or irrigation but before 
the water content of the soil has decreased to its field capacity As iho 
water in the films surrounding the soil particles with which the^oot tins 
are in contact becomes depleted, more water moves toward thn 
l|cles l,y capillarity. The acta.l r.atc „I such capillaty movement ^wato 

through the soil may become a factor influencing the mteTf fn * 

Root systems, however, are not static hut am sorption. 

growing through the soil. The rate of root growTh'^or 

creases, as a general rule, with increasing wetness of 

field capacity, because of the corresponding reduction in'!o 

less than in othevise si.nilar hut soLwl,a"X°er sjils" This 

liarts of the soil ceases capillary move ^ movement to certain 

re-established by the extension of the roTt 

1.^1.. have not yet been dep.;:?^^ Zr ^ 

the permanent wilting^Jem^^t^e ZTth ? W contents between 
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of the film water present on the soil particles w'ith which the root tips 
are in contact has been absorbed it cannot be replaced in any significant 
quantity by capillary movement from adjacent regions of soil if the soil 
water content is below the field capacity. Neither does water move in 
vapor foiin through soils toward the absorbing regions of roots at appre- 
<'iable rates. Under such conditions the absorbing region of every rootlet 
often becomes surrounded with a narrow cylindrical zone of soil which 
lias been depleted to a water content much below that of the surrounding 
soil. 

Since, in soils at a water content below the field capacity, movement 
of water toward the roots is very slow, the principal method by which 
the roots come in contact with additional increments of water is by con- 
tinually growing through the soil (Burr, IQHl. Mature root systems of 
many species of plants bear millions of root tips. Each of these numerous 
root tips may be pictured as progressing through the soil and absorbing 
most of the water present in the smaller interstices between the soil par- 
ticles with which they come in contact (Livingston, 1927). Relatively 
large quantities of water can be absorbed in this way, at least by some 
species of plants. For example, the total length of all the roots on a 
four-months-old rye plant was found by Dittmer (1937) to be 387 miles. 
On the average, therefore, the aggregate daily increase in the length of 
the roots on this plant was more than 3 miles. In addition, nearly 55 
miles of new root hairs were formed, on the average, per day. Kramer 
and Code (1940) calculated that such a rate of root extension would 
permit the absorption by such a plant of about 1.6 liters of water daily 
from a sandy loam, or about 2.9 liters from a heavy clay loam, when 
both soils were at the field capacity. 

This picture of the role of root elongation in the absorption of water 
(and mineral salts) from the soil under certain conditions is probably an 
accurate one for many and perhaps most species of plants. The root 
systems of some species of plants, however, are of a sparse, sparingly 
branched type which would suggest that the quantities of water which 
they can absorb in the manner just described w'ould be relatively small- 
Mycorrhizae (Chap. XXIV) may aid in the absorption of water by some 
species. Elongation of roots would also be less effective in contributing 
to the absorption of w'ater by terrestrial species in which the roots bear 
few or no root hairs than in species on which root hairs develop m 
abundance. 

The root-tip population of any plant is usually so large that often not 
all of the r&ot tips are subjected to the same soil-water conditions. Some 
may be located in lower soil horizons which, under certain condition.^, 
contain more w'ater than the upper layers of the soil. Under other eon- 



mechanism of the absorption ok water 239 

ditions the reverse situation may i.revail. After light rainfalls on a com- 
paratively dry soil, for example, the root tips closer to the surface may 
e in contact with soil at a higher water content than those at greater 
depths. Hence the quantity of water absorbed in a given interval of time 
may differ greatly from one root tip to another as they advance through 
the soil. In general, however, roots do not grow appreciably in soils which 

have a water content less than that of the permanent wilting percentage 
(Hendrickson and Veihmeyer, 19 ol). 

Absorption of Water.— In Chap. XII it was shown 
that the development of a diffusion-pressure deficit in the mesophvll cells 
0 leaves causes the water in the xylem vessels or tracheids to pass into 
A of ^nsion which results in an increase in the diffusion-pressure 
eficit of the water m the xylem ducts by the amount of the imposed 
tension. As soon as the diffusion-pressure deficit of the water in the x>dem 

f frllm" f contiguous cells, 

a gradient of diffusion-pressure deficits is established across the root 

to cell from its epidermal layer to the 
ylem conduits. Many authorities believe that the water in the cells in 

dhSn '"to a state of tension under con- 

clitions such as those just described. If this occurs ^reatpr * 

sure deficits could develop in the peripheral cell walls o( young root’s'lhM 

"iTpratTe” „ r'“:' ““'r'' ^ 

Will operate even if the water m the root cells never nasses intn o cf. f 

of tension. The osmotic pressure of the root epidermal and root bn' 

o most species for which measurements are available is aboid sT-it 
although higher values undoubt edlv occur in snmp c • u ^ 

A\ henever the diffusion-pressure deficit of thp \vq+ 

walls of the young root cells exceeds that of the wa er in tit 
will move from the soil into the root Since the nc ^ 
soil solution in most soils is only a fraction of an aT 
sion-pressure deficit of the absorbing cells of a roof H 
very great before water will enter them from any sod iT 
equal to or greater than the field capacity. ^ ^ 

The absorption process which ha<? iiic+ j 
“ passive absorption” because the entf^ f (^‘'scribed is often called 

about by conditions which originate in theTot Ml” 

ably correct in its essentials it i • i f P''^'=^‘^nted i.s jirob- 

influence of certain cindi^nmclT f t The 

ironmental factors upon absorption, particularly 
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temperature and oxygen (see later), suggests that the metabolic activities 
of living cells in the absorption zone of roots also play at least an in- 
direct part in this process. 

The mechanism of absorption just described undoubtedly accounts for 
the intake of most of the water which enters the roots of plants, but it 
is not the only mechanism of absorption which is known to operate in 
plants. In many species an internal pressure known as root pressure often 
develops in the xylem (Chap. XII). The occurrence of sap exudation 
resulting from root pressure can be strikingly demonstrated with some 
species by immersing the root system of a decaf)itated plant in a potom- 
eter (Fig. 34). After a time a dilute sap will begin to ooze from the cut 
stem, and the absorption of water will be indicated by the movement of 
the meniscus on the capillary arm of the potometer. If the volume of 
water exuded is measured it will be found to be not sensibly different from 
the volume absorbed. In other words, water is being absorbed and is mov- 
ing in an upward dircx'tion through the plant as a result of processes 
which take place in the root cells. This type of absorption, in which the 
mechanism involved is localized within the root system, is often called 
“active absorption.” Root pressure, or guttation, and active absorption 
are usually considered to be different aspects of the same phenomenon. 

There is good evidence for the existence of a relatively simple osmotic 
mechanism of active absorption, but it is by no means certain that this 
is the only mechanism responsible for root pressure, xylem sap exuda- 
tion, and guttation. The essentials of an osmotic theory of active absorp- 
tion were first clearly suggested by Atkins (1916). Priestley (1920, 1922) 
has also advocated a similar hypothesis. In a number of species it has 
been shown that, although the osmotic pressure of the sap in the xylem 
ducts is relatively low, seldom exceeding 2 atm., it is higher than the 
diffusion-pressure deficit of most soils at the field capacity or a higher 
water content. Osmotic movement of water from the soil to the xylem 
ducts could therefore occur through the “multicellular membrane of the 
intervening root cells in spite of the fact that such cells have a higher 
osmotic pressure than either the soil solution or the xylem sap. T e 
mechanism of such a movement of water can be interpreted in terms o 
the establishment of a consistently increasing gradient of diffusion-pres 
sure deficits from cell to cell across the root from the epidermis to t e 
xylem ducts. Kramer (1932) has shown that in an analogous situation 
water will move across the cells of the petiole of the tropical papaw 

{Carica papaya). - 

Eaton (1943) found an almost proportional relation between the i 
ference in osmotic pressures of the xylem sap and the external solution 
and the rate of exudation from decapitated young cotton plants. His re 
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suits also indicated that exudation would cease wiu'n tlie value of this 
osmotic differential fell to zero suggesting that, under the (atnditioii- of 
these experiments at least, the osmotic mechanism was tlie only one in 
operation. The sensitivity of the osmotic mechanism is \’erv great; re- 
versals occur in less than a minute from exudation to cessation of exuda- 
tion and hack to exudation upon transfer of the root sysKaus of young 

plants from water to a dihite sucrose solution and hack to water I Kramer 
19411. 

Althougli there is little douht of tlie exist(aic(‘ ot an osmotic meclianism 
of active absorption, the results of certain experiments are difficult to 
reconcile witii the view that this jiroeess can he accounted for entirely hy 
such a mechanism. Tiie findings of (Irossenhacher (1938, 19391 and 
Skoog et (il. (1938) that an antonoir.ons, more or Ics? regular diurnal 
fluctuation occurs in the rate of exudation of xylein saji from detopiH'd 
seedlings, with the maximum about noon and the miidmum about mid- 
night, suggests a more complex mechanism than the one described above. 
A retarding effect of depri^•ation of oxygen on absorption of water by 
isolated onion roots, and by root hairs of radish, has been demonstrated 
by refined experiments with potometers iRosene, 19o(); Rosene and 
Bartlett, 1950), suggesting that respiration i)lays at least an indirect 
part in the active absoi']ition mechanism. The enhancing effect of auxin 
(Cdiap. XXVHI) on xylem saj) exudation rates iSkoog et ai, 1938) also 
suggests that respiration plays a part in active absorption, since auxins 
are known to influence respiration rates. It has therefore been postu- 
lated that a second mechanism of active ab.sorption exists which is de- 
pendent for its operation upon the metabolic activity of the root cells. 

The influence of metabolic processes on active absorption of water may. 
however, be largely or entirely an indirect one. The absorption of mineral 
salts by cells is markedly influenced by the metabolic conditions pre- 
vailing within them, especially their rate of aerobic respiration (('haii. 
XX It I. lurthermore, there are good reasons for believing that the pas- 
sage ot salts into the xylem ducts is largely controlled by the metabolic 
conditions in a<l,iacent living cells iCrafts and Brover, 1938). INIctabolic 
conditions, therefore, may influence the steepness of the o.smotic gradient 
between the xylem sap and the soil becau.se of their effect on the absorp- 
lon and cell-to-cell movement of mineral salts; and their influence on 

the active absorption of water may be exerted largely or entirely in this 
or in other indirect ways. 

Although some plants, under certain conditions, exude relatively large 

", "c" (Chap. XII), In 

g eral, the volumes of water moving into plants as a result of this 
p ocess are relatively small compared with the volumes entering plants 


242 


ABSORPTION OF WATER 


as a result of passive absorption (Kramer, 1939). The effectiveness of 
active absorption in reducing the water content of a soil also appears to 
be considerably less than that of passive absorption. Detopped herba- 
ceous plants cease exuding water when the soil-water content has been 
reduced to about halfway between the permanent wilting percentage and 
the field capacity (Kramer, 1941). The active absorption mechanism 
apparently does not absorb water against a diffusion-pressure deficit of 
more than 1 or 2 atm.; whereas the passive absorption mechanism results 
in absorption of water at relatively rapid rates until the diffusion-pres- 
oure deficit of the substrate approaches the permanent wilting percentage 
value (approximately 15 atm.). 

Environmental Factors Influencing the Rate of Absorption of Water. — 

Any factor which influences the diffusion-pressure deficit of the water 
in the peripheral walls of the young roots or the diffusion-pressure deficit 
of the water in the soil will influence the rate of absorption of water. 
Furthermore the roots of a plant are more or less continually growing 
through the soil, and, when the water content of a soil is less than the 
field capacity, absorption of water at any appreciable rate can occur 
only if growth of roots through the soil continues. Factors which in- 



Fig. 72. Relation between soil-water content and osmotic pressure of leaves 

of sunflower plants. Data of Furr and Reeve (1945). 
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fluence the rate of root growth may therefore also have important effects 
on the amount of water which can he absorbed. 

For reasons which sliould l)e clear from the preceding discussion, tlie 
rate of absorption of water is greatly influenced by the rate of tran- 
spiration. Hence any factor which influences the rate of transpiration 
will indirectly 'Influence the rate of absorption of water. Contrariwise, as 
already shown m the discu.ssion of transpiration, any factor which in- 
fluences the rate of absorption will al.so influence the rate of transpiration. 

The more important soil factors which influence the rate of absorption 
of water will now be discussed. 

T AvaUab’'> Soil irnter.— In general, the term available soil water is 
used to refer to that fraction of the soil moisture in excess of that present 
at the permanent wilting percentage. Absorption of water appears to take 

equally well over the range of soil-water contents between 
the held capacity and the permanent wilting capacity, especially in light- 
and medium-textured soils (Veihmeyer, et al, 1943; and others). In heav- 
ier textured soils there is considerable evidence that the rate of absorption 

somewhat retarded in the lower part of this range (Martin 
1940, and others). A significant fact in this connection is that the osmotic 
pres.surc of the leaves increases as the soil-water content decreases (Fig 
/s!). Hence as the diffusion-pre.ssure deficit of the soil water becomes 
greater, the potential diffusion-pressure deficit of the water in the plant 
likewise becomes greater. The effectiveness of the passive absorption 
mechanism undoubtedly increases accordingly. This upward adjustment 
in the osmotic pressures of the cells of the plant with decrease in soil- 
vater content is one of the main factors resulting in a nearly uniform rate 
of absorption from many soils in the range of soil-water contents between 
e field capacity and the permanent wilting percentage 

At soil-water contents below the permanent wilting percentage water 

till tr- 

species, because of the accomnanvinir Horr,. • -i ^y many 

2. Soil Temveratvre ^ in soil aeration (see later). 

in many kinds of plants a^ sod te" rate of water occurs 

exact magnitude of this effect freezing, but the 

In general, plants native to warm r ’ 1943; and others). 

rate of water intake when the '1 ^ undergo a greater reduction in 

of cooler climates For exl T ^ '^ose which are habitants 

and cotton, warm season er- watermelon 

at ]0°C. as at 25“C while c^ol’l J 

vhile collards, a cool season crop, absorbed 75 per 
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cent as much water at the lower of these two temperatures as at the 
ugher. The relation between soil temperature and the rate of absorption 
o water (for which the rate of transiiiration is taken as the index) hv 
sunflower is shown in Fig. 73. In this species, the rate of transpiration 
dimmishes raindly with a decrease in soil temperature below about 55°F. 
(13 C.l. A similar relation doubtless holds for other species, except that 
the soil temperature at which an appreciable diminution in the rate of 
water influx is initiated differs from one kind of a plant to another. For 
obvious reasons, virtually no water is absorbed by roots from frozen soils. 

The mechanism whereby low soil 
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Ffo. 73. Relation between r.tie of decr('as(‘d vapor pressure of 

Transpiration of sunflower plant.'; and ^^■ater, ami (7l decreased metabolic 

soil temperature. Each rurve repre- activity of root cells (Kramer, 
sents the results of a different experi- loaqi 

ment. Data of Clements and Alan in , 

( 1934 ) ^oil temp(‘ratures may sometimes 

h(‘C‘()me high enough to exert a re- 
tarc ing effect on the rate of absorption of water. For example, Haas 

(1936) found that absorption of water by lemons, oranges, and grape- 
fruits decreased when soil temperatures exceeded 30° or 35°C. 

3. Aeration of the Soil , — In general, absorption of water by the roots 
0 most species of plants proceeds more raj)idly in soils which are well 
aerated than in those which are not. In such soils oxygen concentrations 
may approach a zero value, and carbon-dioxide concentrations ranging 
up to 10 per cent are not uncommon. The comparative effects of a main- 
tained near zero oxygen content and a maintained relatively high (20 per 
cent) carbon-dioxide content in the soil atmosphere on the intake of water 
by tomato, tobacco, sunflow^er, coleus, cotton, and corn plants were in- 
\estigated by AA hitney (1942), Severe oxygen deficiency, obtained by 
passing nitrogen through the sand medium, resulted in a marked reduc- 
tion in w'ater absorption by all of these species as compared with plants 
whose roots were aerated with atmospheric air, although the effect was 
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more pronounced on some than on others. A\’lK'n the roots of tliese species 
were exposed to excess carbon dioxide in tlic i)rcsence of oxyt^cn, a con- 
dition which was obtained by jiassing a mixture of 20 per cent carbon 
dioxide, 20 per cent oxygen, and 00 per cent nitrogen tliroiigh the sand, 
there was no significant decrease in the rate of water intake bv corn or 
sunflower plants, and only a relatively small decrease in the rate for 
tobacco, tomato, coleus, and cotton iilants as compared with similar plants 
aerated with atmospheric air. \t hcn the roots were exposed to the com- 
bined effects of oxygen (leficiency and carbon-dioxide excess (gaseous 
phase m the sand consisting of 80 per cent nitrogen and 20 iier cent carbon 
dioxide), the retarding effects on water absorption by all species investi- 
gated except coleus and tomato were little if anv greater than the effect 
of severe oxygen deficiency alone. In general, these results indicate that 
a near absence of oxygen has a greater influence in retarding the rate of 
water intake by many kinds of plants than the presence of carl, on .lioxide 
in concentrations considerably m excess of those usually found in soils 
Exposure of roots to pure carbon dioxide, or to high concentrations (.30 
per cent or more) of this gas, at least for short jicrio.ls, however, has a 
maikcd letaiding effect on absorption of wafer bv a number of species 
(Kramer 1940, Chang and Loomis 19451. Iloagland and Hrover (1949) 
mtcipret this result as being cau.scd by an initial decreasing effect of 
caihon dioxide on the permeability of root cells to water 

tt^aturation or near-saturation of a soil with water is the mo.-t common 
cause of deficient soil aeration. Fiulcr such conditions it ap,,ears probalde 
that the reduced rates of water absorption which are evidenced bv most 
P ants result more froin a severe oxygen deficiency than from an m^cumu- 
ation of carbon .lioxide. A drastic reduction in the sui,|,lv of available 
oxygen in the sod reduces the rate of respiration of the root'cells and this 
in turn, influences other metabolic i.roce.sses as well .as the rate of root 
growth. One of the results of this senucnce of disturbed phvsioloOcal con 
htioiis is a lower rate of ab.sorption of water. While the roots" of most 
kinds of plants can survive for at least short periods in soils imac ically 

(Chai ixur’ """ 'ospirltion 

of tin,.. I„,l, dch of root. „f roJoy^lZ ' 

In contrast with other species the roots; nf tnr i i i 
in ,v„lor.s.(n,„„| „ih .Ll al.to,.,! Ltl, l.n 
species of hydrophytes have well H i* a ■ ^ 

ar.. continnon, Irl .n orcellnl.r air .vl.icl, 

been shown in some such «ne ' n stems into the roots. It has 

such channels (Conway 193^7 "l'Iinri94m®“H"°'T <>i'' 0 ''Kh 

doubtless occurs in many nf’l , ■ ' ™o''‘'"^ent of oxygen 

HI kinds of hydrophytes. In other species 
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which grow with their roots submerged, however, no such prominent sys- 
tem of air passages is present. Even in such species some movement may 
occur to the roots from aerial organs through intercellular spaces of usual 
dimensions. The roots of these species in which little or no oxygen becomes 
available through downward movement from the tops apparently are able 

to carry on their metabolic processes at relatively low oxygen concentra- 
tions. 


4. Concentration of the Soil Solution . — The concentration of the soil 
solution in most soils in humid regions is so small that it has only a slight 
effect on the diffusion-pressure deficit of the soil water. In alkali or saline 
soils, on the other hand, the concentration of the dissolved salts in the 
soil water is often sufficient to raise the osmotic pressure to a very con- 
siderable value — in extreme situations to 100 atm. or even higher. Copious 
applications of fertilizers to greenhouse or agricultural soils, especially if 
sandy, or irrigation with water containing dissolved salts in considerable 
concentration, often result in raising the osmotic pressure of the soil solu- 
tion to a value of several atmospheres or more. 

The diffusion-pressure deficit of the soil water, except when soils are 
relatively dry, i.e., below the field capacity, is essentially equal to the 
osmotic pressure of the soil solution. In general, the rate of absorption of 
water decreases, often almost proportionately, with increase in the osmotic 
pressure of the substrate (Rosene 1941, Hayward and Spurr 1943, Long 


1943, and others). The effect of solutes on the movement of water into 
roots appears to be principally an osmotic one, specific effects of ions 
playing only a secondary role. Plants may, within limits, become adjusted 
to an increase in the concentration of the substrate solution, inasmuch as 
the osmotic pressure of the cells of a plant may increase under such con- 
ditions (Table 12). Hence a plant in which the absorption rate is 
markedly reduced when its roots are first brought into contact with a 
substrate solution of higher osmotic pressure than the one in which it had 
been growing may, after an interval of time, largely or entirely regain its 
original rate of water absorption. Most plants can develop normally only 
when the osmotic pressure of the substrate solution does not exceed a few 
atmospheres. Halophytes, i.e., plants indigenous to saline or alkali soils 
or substrates, are the only important exception to this statement. 

Absorption of Water and Water Vapor by Leaves. — Leaves and other 
aerial parts of plants frequently become wet as a result of rain, dew, or 
fog. Floods also sometimes result in a temporary immersion of aerial plant 
organs. Wetzel (1924) found that, of a large number of species investi- 
gated, practically all absorbed some water directly through the leaves. 
The turgidity of the leaves was restored from the wilted condition in most 
species after immersion in water for 24 hr. or less. Absorption of water 
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occurred directly through the epidermal cells rather than through the 
stomates. In nature, however, absorption of water through the leaves is 
only rarely a factor of importance in the water economy of the plant. 

Prolonged immersion of the leaves of many species in water leads to 
opening of the stomates and, under certain conditions, also to an injection 
of the intercellular spaces with liquid water. Tiny droplets of water are 
sometimes projected through the stomates as a result of splashing during 
eavy rams or during the artificial siiraying of leaves. Partial or complete 
injection of the intercellular sj.aces with liquid water is sometimes brought 
about in this way, esjiccially in species with large stomates 

Under certain conditions leaves and other aerial organs can absorb 
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corresponding to a value less than that of the permanent wilting percentage 
(Table 10)? 

6. Two similar, small potted tomato plants are selected and the root systems 
of one killed by heating the soil to 70°C. The soil in both pots is then saturated 
with water and the plants set in a greenhouse and allowed to remain there until 
death results from water deficiency. Plot curves showing how you would expect 
the rate of water absorption to vary in each pot as the soil dries out. 

7. Some kinds of plants have a much larger “water requirement” (amount of 
water absorbed per unit dry weight accumulated) than others. How can such 
differences be accounted for? 

8. Why is the watering of some kinds of house or greenhouse plants with 
water from a tap often harmful during the winter months? 

9. Assuming the soil moisture to be at the field capacity and “standard day” 
conditions, show by means of two curves how the rates of activ3 and passive 
absorption would vary in a vigorous tomato plant over a 24-hour period. 

10 . Assuming a clear, warm summer day, and soil moisture at the field capac- 
ity, what will be the effect on the rate of water absorption of severing the stem 
of a vigorous herbaceous plant at the soil level at noon? Illustrate by means of a 
curve. 
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hot summer afternoons^ only to regain their turgidity during the night 
even if the plants are not provided with additional water by rainfall or 
irrigation. In dry, hot regions, or during hot weather in more temperate 
regions, such a phenomenon may be a regular daily occurrence, even dur- 
ing periods when the soil is well supplied with water. This familiar reac- 
tion of plants is called temporary or transient xviltmg and clearly results 
from a temporary excess of the rate of transpiration over that of absorp- 
tion. As a result the total volume of water in the plant shrinks, although 
not equally in all the tissues. In general, diminution of water content is 
greatest in the leaf cells. The condition commonly called wilting is in- 
duced whenever the shrinkage in the volume of water in the leaf cells is 
sufficient to cause them to lose all or most of their turgor. 

Wilting as a visible phenomenon is confined chiefly to species in which 
the leaf tissues are composed largely of thin-walled, parenchymatous 
mesophyll cells, and in which the leaves are maintained in their usual 
firm, expanded condition principally by the turgidity of such cells. Ex- 
ternal manifestations of wilting can also be observed frequently in young 
succulent stem tips, floral parts, and even fruits. Root hairs also wilt very 
commonly, although such wilting usually cannot be observed except under 


experimental conditions. 

In many species of plants the leaves are supported largely by lignified 
tissues. Examples of species bearing such leaves include many of the ever- 
greens such as pines, holly, mountain laurel, etc., and numerous sclero- 
phyllous species common in the semi-arid regions of many parts of the 
world. Such leaves wilt just as do parenchymatous ones in the sense that 
a marked loss of turgor may occur in the leaf cells. The wilting of such 
leaves is not usually characterized, however, by the drooping, folding, or 
rolling which are the visible symptoms of wilting leaves composed prin- 


cipally of parenchymatous tissues. , . > ± 

Even on days upon which visible wilting does not take place, incipi^ 

wilting is of frequent occurrence. Incipient wilting is the term app ic 
when loss of turgor by the leaf cells is only partial; it does not resu t in 
visible drooping, rolling, or folding of the leaves. Incipient wilting is o 
almost universal occurrence in the leaves of terrestrial plants on ng > 
warm days whenever environmental conditions are not severe cnoug 
induce the more extreme and \isibly discernible temporary wilting^ 
passing into a state of transient wilting always first pass through t e 
of incipient wilting. Both incipient and transient wilting are to e i 
tinguished from permanent wilting (see later) which results, 
temporary excess of transpiration over absorption, but from a c 
of water in the soil. Plants do not recover from permanent wilting un 
the water content of the soil in which they are rooted increases. 
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As a general rule tlie leaves wilt first, heeanse thev are the organs from 

which the great hulk of all water loss occurs, hut tlie decrease in turgor 

gradually spreads throughout the plant as the internal defieieney of water 

hecomes more severe. Loss of turgor is thus general, although not usuallv 

equa throughout all of the ti.ssues of a plant wi.enever wilting of any 

. uration occurs. .\ny living cell in a plant may wilt, if this term is UM'd to 

designate an a| proxunately complete loss of turgor, which will be the 

general sense in which it will he emiiloyed in this discussion. The longer 

e condition of wilting persists, the more pronounced such a svstemic 

loss of turgor will be. We may speak, therefore, not onlv of wilted leaves 
or other plant parts, but also of “wilted plants.” 

As a general nile the st mates clo.se during wilting, although in at least 
some species their closure is preceiied by a transient widening of the .tom- 
atal aperture (Muller, 1937). This passing enlargement in the size of the 
stomatal pore may result from a more rapid loss of turgor bv the contigu- 
ous epidermal cells than by the guard cells, thus iiermitting a slight further 
expansion of the latter. Prolonged wilting has been observed to lead to 

n^qr^ltf . According to Iljin 

932) , although a moderate decrease in the water content of a leaf causes 

conversion of sugar to starch in the guard cells (Chap. X,, a mor 1: 

nounced water oss induces the reverse action. Hence the diffusion-p'^l 

sure deficit of the guard cells on wilted leaves often attains such a value 

that movement of water occurs into them even from adjacent cells which 

are in a flaccid condition. The resulting increase in turgor of the guard 
cells causes them to open. ^ 

Because of its effects on the dynamics of the internal hydrostatic sys 

mon''"t ""vT f '"‘tiates a train of far-reaching effects 

p I’ ogical conditions and processes. Some of these effects have 
recen^d a tcntion earlier in the discussion of factors influencing tl neri 

s,v„,hosia c„n..c;.r„ : ; Xr 
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day conditions K'hap. X). As shown by his data (Fig. 74), the leaf-water 
content decreased during the morning and early afternoon hours, reaching 
a minimum at about 5:00 P.M. Thereafter the leaf-water content in- 
creased, culminating in a maximum which was attained at about 1:00 
A.M. During the early moming hours the leaf-water content again de- 
creased. Similar observations have been made by Kramer (1937) on leaves 
of several sf)ecies. In the sunflower, for example, the minimum leaf-water 
content was attained at about 4:00 P.M., and the maximum at about mid- 
night. The most i>robabie explanation of the occurrence of the maximum 
leaf-water content during the middle hours of the night is that during the 
early morning hours tlie leaves lose water by translocation to other organs 
of the i)lant. The meclianism of such internal redistributions of water in 
the body of a plant is discussed later in this chaptc'r. Under such con- 



Fro. 74. D.nl\' variation in the water content of leaves of Boston ivy {Ampelop- 

sifi tncuspiflatn) . Data of Stancscii (1936). 

(lit ions the water content of the plant as a whole might be increasing 
as a result of continuerl aiisorption of water, while that of certain organs, 

such as the leaves, might be diminishing. 

The magnitude of tlie frequently recurrent diurnal reduction in the 
water content of the leaves and other organs of a plant varies not only 
with the specie's, but also with the environmental conditions and their 
influ('nce on the relative rates of transjiiration and absorption of \\ater. 
On cool, clniidy or rainy days when the soil is well provided with v^ater 
oft('n little or no water deficit flevelops within the plant during the 
light hours. On bright, sunny, but not extremely hot days, while the soi 
water supply is abundant, an internal water deficit will develop, but i 
seldom is severe enough to induce more tlian incipient wilting. On c ear, 
hot days, especially when the soil water supply is not entirely adequate, & 
more marked shrinkage in the volume of water within the plant usua y 
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occurs which is often of sufficient niagnitiKie to in.luce temporary ^^iltinK. 
t nly if the available water supply in the soil becomes so low That absorp- 
tion of water virtually ceases will the plant pass into a state of permanent 
Wilting. 

The magnitude of the reduction in the water content of the leaves -e- 
quired to induce wilting varies greatly depending upon the species of 
Idant According to Maximov (1929) leaves of many ■'sun” species may 
lose from 20 to 30 per cent of the total water present before wilting 
ensues tihile typical “shade” species wilt upon a reduction in the amount 
of water present of 3 to 5 per cent. Only in the leaves of the ‘'sun” tyZ 
can incipient wilnng be distinguished as a distinct phase; in “shade” spe- 

in 1 ^>;tremcly transitory. The di.scussion of wilting 

ivitla I’rimarily to wilting of the 

>pe that s characteristic of plants indigenous to .mnnv, exposed habitats 

tion inTaJT concomitant reduc- 

tion in leaf turgor also influences the total volume of the leaf The area 

f leaves may decrease as much as 5 per cent during the midday hours 

of a bright warm day, the exact magnitude of this shrinkage in area de 

Nro"K- ;T'' -"“'■“"'"■■"'"I “"-litions 

luiouay, lyuy). JNot only the area, but even the thiekno^^ nf tho i 

water during the daylight hours. Onlv « f • *>'*’‘'or|)tion of 

undertaken, however, in which simultan '"''‘^'^*'’S‘‘^tions have been 
made of transpiration and absorption 

of 24 hr. or longer. ^ ^ P'ant over periods 
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lower level than the contaffierTvU ° 

soil, more moves into the soil from the n ^he plant from the 
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observation upon the volume of water w^hich had been absorbed from the 
reservoir it was possible to make parallel determinations of the rates of 
transpiration and absorption. Except for the fact that the soil was 
irrigated the plants were grown under approximately standard day 
conditions. 

The results of one of the experiments in which loblolly pine (Pinm 
taeda) was used are shown in Fig. 75. As shown in this figure there was 
a distinct lag in the rate of absorption as compared with the rate of tran- 
spiration during the daylight hours — i.e., during the period of relatively 
high transpiration rates. There was also a fairly well marked tendency, 
shown clearly on the second day of the experiment, for the peak absorp- 



Fro. 75. Comparative daily pt'rioilieities of transpiration an<l absorjition 
water in the loblolly pine (/^ho/s taeda). Data of Kramer (H)37). 



tion rate to occur somewhat later in the day than the peak transpiration 
rate. This effect was more pronounced in experiments performed on other 
species by the same investigator. During the night hours the rate of 
absorption was continuously higher than the rate of transpiration. In 
other words, the tissues of the plant were being progressively depleted 
of water during the daylight hours, while their water supply was being 
replenished at night. 

In this type of experimental setup it is possible that part of the water 
deficit observed to develop during the daylight hours may have occurred 
in the soil rather than in the plant. That this source of error is not serious 
enough to invalidate the conclusions just drawn can be shown by similar 
experiments in which plants are grown with their roots in potometers 
adapted to weighing. Even when the roots of plants are immersed in water 
an internal water deficit develops during periods of high transpiration 
because of a lag in the rate of absorption of water as compared with t e 

rate of transpiration. , 

In all probability in soils in which the water content is at the e 
capacity or lower, the rate of absorption often shows a more pronounce 
lag as compared with transpiration than in soils in which capillary move 
ment of water can occur more readily, as is the case when water is sup 
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oMfe Itvmg rrmt cells the passage „t water across' them ^Krlrr' 




Pig. 7(>. l_)aily 


JO 12 2 

midnight 


r<uUN 

r;r eir.rrottvXesX"r' ^n 

expressed in tenns of'diffu om urn d 5 > " 

units. flefic.ts or analogous dynamic 

I^aily variations in the osmotic pressures nf i 
oigans are of common occurrence. Such v- • * ^ t’innt 

m aerial than in underground organs of^T pronounced 

direction are strongly influenced by the env-*^^"^^' 'n-agnitude and 

the plant is subjected. Daily variatfon ‘■^"^itions to which 

studied more extensively in leaves than 

data for the leaves (Pig. 75) of fi,„ „ organs of the plant. The 

were obtained under drought conditinn^^iT! scoparius, 

gut conditions, but similar, although less marked 
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diurnal variations in the osmotic pressures of leaves are undoubtedly of 
regular occurrence in most species, at least on clear, warm days. 

The rather consistent increase in the osmotic pressures of leaves which 
usually occurs during the daylight hours is undoubtedly conditioned prin- 
cipally by two factors: the accumulation of soluble carbohydrates or other 
organic compounds resulting directly or indirectly from photosynthesis, 
and the decrease in the water content of the cells resulting from an excess 
in the rate of transpiration over the rate of absorption of water. The 
minimum leaf osmotic pressure, which is usually attained between mid- 
night and dawn, probably corresponds to a period when the leaf cells are 
at a relatively high water content, and at a minimum organic solute con- 
tone as a result of continuance of translocation of organic solutes out of 
tlie leaves during the night. 

Under standard day conditions (C'hap. X) the diffusion-pressure deficit 
of the leaf cells is usually low in the early morning hours, rises until late 
afternoon, and then decreases during t!ie night hours. During the early 
morning hours the cells often approncli tlieir maximum turgidity. In the 
late afternoon their turgidity is often low (incij)ient wilting) and their 
diffusion-pressure deficit approaches the osmotic pressure of the cells 
(Herrick, 1933). AA'hen the diffusion-i>ressure deficits of the leaf cells be- 
come equal to their osmotic [iressures, the turgor i)ressure of those cells 
is zero, and the leaves are in a distinctly wilted condition. As already 
mentioned in Chap. XIT, and as <liscussed more fully later in this chaptci, 
in at least some kinds of plants it is possible for the diffusion-pressuie 
deficits of leaf cells to exceed their osmotic pressures because of the 

development of tensions within the cells. 

The increase in the diffusion-ju’cssure deficits of leaf cells which usual y 
occurs during the forepart of the daylight period results from the simu - 
taneous operation of tlie factors of increasing osmotic pressures and e 
creasing turgor pressures, the latter in turn resulting from the grar ua 
diminution in the volume of water in the cells. Similarly the decrease m 
diffusion-pressure deficits of leaf cells which usually begins sometime cur 
ing the afternoon, and continues during the night hours, results from 
concurrent effects of decreasing osmotic pressures, and a gradual rep ei 
ishment of the cells witli water, the latter in turn resulting in a progrcssi 

increase in the turgor pressures of the cells. . 

Similar, although i)rol)ahly less marked, diurnal variations undoubtec > 

also occur in the osmotic quantities of the cells in the other organs 

plants. . V- K 

Permanent Wilting.— This term refers only to wilting froni J 

plant will not recover unless the water content of the soil is in^ 

It is engendered by the development in the soil water of a i us 
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pressure deficit so great that the rate of movement of water into the plant 
s madequate for the maintenance of turgor. As with transient wiZe 
isible sjmptoms of permanent wilting are apparent only in thin-leaved’ 

hi nZt physiologically equivalent conditions may develop 

in practically all terrestrial species. ueieiop 

In a soil that is slowly drying out, temporarj’ wilting slowly grades 
o er into permanent wilting. Under such conditions, each ni^dit reeoveZ 
e p ant from temporal,^ wilting occurs more slowly andls leZ com 
an 1 H slightest nocturnal recovery fails to take place 

grows progressively more drastic the longer that it persists " 

.inee plants enter the state of permanent wilting hy a gradual transi 
on from a condition of temporary wilting, the early stages of this phe 

ZTheZr tran'sienf wilting Lee!; 

that thcie is no nocturnal recovery of tnrimr Ac tn i ^ xcept 

::: 

even if the stoinates are closeZas thev u i Jl^ -tensified, since, 

plants, cnticular transjaiatinn continues tiiiis^ ‘l‘'e ‘n pennancntly wilted 

tal volume of wi„,i„ ?i.e Tlrt The U, f '<>■ 

of permanently wilted plants is lest; tl> ri * ! eontent of the leaves 

sient wilting, and gradimlly dccre'asesZriL Ui^ ^ 

Ot plants in\ state o p^cma .cm w ,ti„^^^ «*'"‘™»nce 

results in death ot the mot a f ^ To' 1’’“ “ ''“J’* »«™ 

is one reason why recovery of manv nla^! f°^ fieficiency of water. This 
place very slowly even after watL Z n ” wilting takes 

Continued gradual reaction tn the'Z 

mately may throw some or all of the r 'Zi '^’^i- 

of tension, just as a reductLn in the v ofTf ^ 

have the same effect. A tension generated """ 

sufficient magnitude, will, in some Leeies at ea^^^^^^ columns, if of 

of the tensions developed in the^iLems customary to think 

largely in terms of the water columns th! of plants 

>n plants is not necessarily confined to^th^'"’ 

withdrawal of water from a cell after 'Z ®°"ductive system. Continued 

zero value can have one of two resultsZiZZZ'"®''''" ^ 

tures or else it is thrown into a state ' m ™P- 

Mdcrable magnitude undoubtedly dLelooTn Zl ^ 

y aevelop m at least some of the cells of 
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niniiy spooics whon subject od to permanent wilting. According to Chu 
tl9.^()i. under conditions ot ;i severe' internal water deficiency, the water 
in tlir I( ;it eclls ol inaiiv specie's of trees, both coniferous and deciduous, 
pa.''>)‘> info a state of ten>ion. 

Slirink;i'j;r in t lie volume of water in a coll to the point at which it passes 
into a state ol tension results in tlu* protoplasm and cell walls being sub- 
ject('d to an inward |)ull l)ecause of the strong adhesion between the water 
and t h(' c( !] w all<. 1 nder sucli a condition the turgor pressure of a cell has 
a negative* \’alue. 'I'lie greatei' the tension to which the water in the cell 
is suiije'cted tlie greater the pull exerted by thi' contracted mass of water 
upon tli(' cell waib. '['lie cc'll walls of plants an* often distorted by the 
cent rijiet alh' directed pii'l which they sustain when the water within them 
is uiuler tension If ha^ been ob>er\'ed that tlie shrinkage in the volume 
ot the cells ot a number ol species during wilting rt'sults in an inward 
loiding or (*rinkling ol tin* cell walls becausi* of the centripetal pull to 
which Miey inv Mibjeclcd ('I'hoday. 19:^1; haigmann, 1934). On the other 
hand, thi' wall> ol some plant cells are so rigid that they can sustain the 
de\'('lo|)ment ol a coiKideiable tension in the enclosed water without any 
appari'iit distortion. 

It is gf'Tierally belie\ed that tensioris of a \'(‘ry considerable jnagnitude 
can (hwelop in the w.iter columns of peiinanently wilted ])lants, pi’obably 
ranging up to 100 atm. and pe?'li;ips c\'en higlu’r. In some drought resistant 
''pecies the Water columns apparently can be maintained in a state of 
high tension for weeks oi (wen months without bn'aking. In many siieeies, 
however, gradual intensification of the tension in the water columns 
sooner or later leads to the entrance of air and consequent breaking of 
the columns. 

Internal Redistributions of Water in Plants. — Although the possibility 
that metabolically activated mechanisms of water movement operate in 
[)lants tC'hap N'lII, XI\') carmot be overlook('d, the prcj)oiKlcranrc of 
available evidence indicates that the [>rimary mechanism ol water mo^e- 
ment in plants is purely a filiysical one. W'henever a plant is replete wi 
water, differences in (liffiision-i)rcssure deficits from one organ or tissue to 
another sink to a minimal value. But whenever al)sorption of wat(r >y 
a plant is oeeurring at a rate wdiieh does not eoinpensate for the ratt o 
transpiration, an internal water deficit develops and marked differemt^ 
in diffusion-pic'ssure deficit may lu* engendered in some paits of th( p *u 
as compared with others. Under such condi^ion.'^ ivdistnbution o 
water present in the plant may oecur from one organ to anothei. * 
greater the intenial water deficit, the greater the likelihood that ^uc 

internal movements of water will occur. 

Internal moveiiients of water from fniits to leav'es or vtce versa seei 
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MQ 9 rV’^ r,„M,n„n orcum-nce. Tl.e n-sult- „f Bartholomew 

(192(, on the .luirnal expaiiMon an.l eontrartion of lemon frnits illn.strate 

l.heno.nenon , I'i«. 77 1, Snel, measnren.ents are ma.Ie with an auxo- 
giaph, an m>tnnnent whieli amoniatieally reeonis variations in the .liam- 
( lerol plant organs. As sh.nv n in tins fignre the lemon Innt iH.gan to eon- 
t'aet in volume eaeh .lay at ahont (i:Ol) A..M. an-l eont.nne.l to shrink 
'■»UI about 4:0.. P M. Kvel. mly .Inrmg this part o, the .lav, whi..h eor- 
respon, s to the peno.l of hi.h transpiration rates, wat. r was moving out 
of the huits into the other organs of the tn'e. Transp.ra. ional wat..,- lo- 
frmn Iw fnut Use, u as negligihle. Hetw....,, the hours of 4:00 J*.M. an.l 
<..(() A.M. the ne.xt morning th, volume of th,. fruit gra.luallv inerea^e.l 
ntjheatmg hat wafr was moving haek mto the fruit during this perio.l’ 
Ilu.se results illu.trate stiikngly the fae, that wa,..r eat, nmve in eitluT 


a 

^ % 





77. Daily vananon- ,1... .haineier of 1, men Innts. Data of lDr,hel..ineu 

( lOJfi). 

diroetion through tlie xylein, .lepen.ling upon the relative magnitudes of 

fluetuations in the tiiatneter of lemon fniits Jn . : 
etivironmental con.iitions whirl, resulte.1 in no ohseriad.l.: wilt n’ of 1 e 

-S' - 

(Anderson and Kerr 194'), ^uxoen ' ^ fruits 

this perici show that tlut. dim. e7 - of l-Hs during 

somewhat greater rate during the'',hnTgdU Thr"T*^‘‘^' D “ 

(Fig. 78). The holls eontirme ‘''"'"'S the night hours 

leaves are severelv wilted indiraUne ’"'^on the 

water continues to move into the growing'fruitrAfr^^'' 
cotton holls has ceased, however reversi I . enlargement of the 
similar to those which take nlad ' I m diameter occur 

-..iiy v.ri.„i„.,s in * Zt,!. eui,.. s„oi, 

Other kinds of succulent fruits in ^'hl7 occurrence in many 

runs in which enlargement growth has ceased. 
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Growing stem tips may continue to obtain water even when the older 
parts of the stem are losing it (Wilson, 1948). By attaching auxometers 
in pairs to stems of tomato plants, one to the growing tip, and another at 
the first node below the growing tip (above which elongation occurs) this 
investigator was able to determine changes in length of the stem both 
above and below the first node. Growth in length of the stem above the 
first node was at approximately the same rate both day and night. The 
stem below the first node, however, showed a measurable shrinkage in 
length during ihe daytime, and an equal elongation at night, undoubtedly 



Fig. 78. Daily variations in the diameter of a cotton boll. During the first five 
days the boll was still growing. After attaining full size a marked shrinkage 
occurs in the boll during the warm part of each day. Data of Anderson and Kerr 

(1943). 

corresponding to reversible changes in the turgidity of the stem cells. 
Obviously the meristematic stem tip cells continued to obtain water dur 
ing the daylight hours while the rest of the stem was losing water, an 
some of the water utilized in their growth probably came from the o er 

stem cells. 

It seems probable that, as a general rule, actively meristematic regions 
such as growing stem and root tips, and enlarging fruits, under con 
of internal water deficiency, develop higher diffusion-pressure c ci s 
than other tissues. There are experimental indications that the di 
pressure deficits of such tissues are largely of imbibitional rather t ^ o 
osmotic origin (Chap. VIII). Hence even under conditions which mduc^ 
temporary wilting of the leaves, water often continues to move into men 
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steniatic regions in quantities sufficient to permit a continuation of growth 
Inder conditions of severe internal water deficiency, approacliing or cor- 
responding to a state of permanent wilting, however, growth of all iiieri- 
stems IS greatly retarded or inhibited (Chap. XXIX). 

Drought Resistance.— Some species of plants are better able than otheiN 

Ir " of 'vater is frequent 

or usual This capacity of surviving perio.ls of drought with little or no 

mjurj is termed drou( 7 /it resistance. All perennial species of plants native 
to semi-and regions are more or less drought resistant. This same state- 
ment is true for those species indigenous to local habitats which for one 
reason or another, are unduly dry, even in humid climates. Drought re- 
sistant species or varieties of plants are important in the agricultural 
conomy 0 certain regions, such as the Mry-farming” areas of western 
L nited States. Certain varieties of crop plants arc much more productive 

n dry regions than other varieties of the same species. Examples are the 
durum and eminer varieties of wheats. 

The term “drought” is not in itself ’subject to anv rigid definition In 
general, however, this term refers to periods during which the soil contains 
little or no water which is available to plants. In the more humid climates 
of the wor d such periods are relatively infrequent and seldom last vorv 
long except in certain local habitats. The more ari.l a clima ^ J 

the more frequent the occurrence of periods of droiurlit n H ti ’ 

their duration. Most species of plants can survive short drv".cri,!ds wh" 

drought resistance can avoid death or serious in' a • '^'^1 f®'" 
periods of soil-water deficiency. " during prolonged 

Soil drought conditions are often accompanied bv otm n • 
tions— high temperature, low humidity ami nfi . ^f™ospheric condi- 
velocities — which favor hieh transo-^’f f™ high wind 

drought” is not only a frequent accouipaniluent'oriiDlr''' "f 

times occurs in the absence of soil-water Hpf.ri . but somc- 

often induces transient wilting of plants durina th^ H^^r^n'’^'"^ drought 

Plants. Hot, dry winds smnetim^rsC jro" 

United States, killing or seriously injuring nlw'" 'f 
when the soil-water content is still relatively hith ’ 

Most species which grow in semi ^ * 

the southwestern United States or in U “deserts” of 

veniontly classified into three groups- fD^ habitats, can be con- 

(3) drought-enduring species. <^Phemerals, (2) succulents, and 

arid regions which are charl^Icr"^ vegetation of all semi- 

charactcrized by definite rainy seasons. With the 
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auvftit ot rains Wu' scctN of such sperios "(‘rininatc, ami tiu' ontiro life 
ol tin* j)Iant is (‘oiiipU'tcd \\ illtin a few wa cks. d lu' new crop of seeds 
''nr\‘i\(> the intervening <lry j><*rind until the next rainy season. Such 
plants ha\e Keen termed ‘‘drou^iil -e<eapin^‘’ (Shantz, 1927). They arc 
tin nioK' dronuhl resistant than many me-ie annual jtlants. 

Sueetilent> (aar-tilute a considei aitl( proportion of the vi-getation of 
mn>t -emi-atid regions (I’ig. 79l and an frequently found in locally dry 



F'ig. 79 Siiccnlcnfs of the senii-deseii .f soiithcrn Arizona. 

((^ereus (jigantens) , right, rentiiry pl i ' ' \ f irr parriii) in fruit. I lotognj 


t»V H ^ 


liahitats stich a.s sand dunes and heaches in rtgions <«; mmad clitnate. 
most cons[)ictious succulents of tlie American semi-di'M r* ’cgions nio. 
belong to the cactus family (Cactaceaf'V- The other inon inipor 
families of f)lants which include a number rif succulent s[H(i(> an 
Euphorbiaceae, Liliaceat^ Crassulaccae, Aizoaceae, and A'oarxl na 
The succulent.s are a distinctive group of plants not only in riictur . 
in metabolism (Spoehr, 1919) and water economy as well. 
jucculcnt habit of growth are able to surx'ive dry periods bec.ius, o 
relatively large reserves of water which accumulate in the inner ass 
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of t 1C (lesliy stems or (in some species) in the fleshy leaves. A relatively 
thick cuticle and the. fact that in many sueeulerits the stomates are ^cn- 
erally open only at night are important factors in permitting the conserva- 
tion of water hy such species. .Many cacti can live for months on this 
stored water even if entirely uprooted from the .soil. 

Neither the e])hemerals nor the snccnlents can he reganied as truly 

-Ironght resistant in the sen.se that their cells can endure a severe re.hic'- 

tion in water content for exten.led periods of time without in.iurv This is 

true only ol siiecies which have been cla.sse.l in the •'.Ironght enduring” 

group. One of the most extreme examples of such a species among higher 

p an s IS the creosote hush iLarrea tn>/e?i/a/a \ , which is the dominant 

plant hroiigh large areas of the .senii-ari.l regions of the southwestern 

nited States ami northern .Mexico. This species ..arries the same set of 

leaves through both the wet ami ,lry .seasons. During .Ironght p.Tio.ls the 

uater content of the leaves of the creo.sote hush is sometimes less than 50 

per cent of their .Iry weight (Hunyon, 1936). The water contents of the 

eaves of nio.st woody mesic species, on the other han.l, generally ranee 
between 100 an.l 300 j.er cent of their <lry weight. ' 

Some species of plants, inclmling especially many ino.sses. lichens, and 
algae can he re.luced to a virtually air-.lry condition .luring .Irought 
periods yet remain viable, ami resume their life proce.sses veiy quickly 
w len ey arc again provided with a siqiply of moisture. The seeds of 
many species are drought resi.stant in the sense that thev may he reduced 
to a nearly air-.lry condition without losing their vial.ilitv 

All attempts to explain drought resistance of “drought-en.luring” plants 
upon a purely morphological basis have prove.l ina.iequate, althougl! cer 

halntarl’r un.iouhtedly ai.l in their survival in dry 

hahita s. Many xerophytes, for exain,,le, have extensive root systems in 

proportion to their tops. Such root systems may efficiently tap a very eoii 

si.lerahle x olunie of soil ; hence the aerial portions of the plant may receive 

fairly adequate supply of water, even when the rainf.all is scanty 

tive'lv n f characterized hy rela- 

m proportion to the absorbing capacity of the root system Til lei; o 

t aietZs'll'*'! their ilirpi;:' 

•i>c hydrostatic stem " 

and xeromorphic leave.s such as thick cuticle 

Ian 'Sr" •--'> as to greatly retanl cutieular 

most * * ought periods the stomates of xerophytes are 

.rnn»,,irUion .id, 

“ "“"“•"•Son of th» wafer rnraining i„ the plant. 
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Formerly it was believed that drought-resistant species were character- 
ized by low transpiration rates and that they are able to withstand 
drought conditions largely because of their economical expenditure of 
water. Investigations by Maximov (1929) and others have shown clearly 
that the transpiration rates of most such species are as great as those of 
typical mesophytes, whenever the soil water supply is adequate. The 
frequently observed low transpiration rates of xerophytes result, not from 
any inherent peculiarities of structure or physiological behavior, but from 
the fact that the water content of the soil in which they are rooted is so 
low that little or no absorption can occur. 

Another misconception, long current, was that xerophytes are more effi- 
cient in reducing the soil-water content than mesophytes. The previous 
discussion of the effect of the type of plant upon the permanent wilting 
percentage of a soil indicates that there is no valid evidence for such a 
belief (Chap. XIII). 

As the prior discussion has indicated, during a prolonged period of soil- 
water deficiency the store of water in a plant is gradually depleted, largely 
as a result of cuticular transpiration. This is true even of xerophytes. One 
result of this gradual water loss is a progressive increase in the seventy 
of the stress in the internal hydrostatic system. The ensuing gradual de- 
hydration of the tissues sooner or later results in the death of species 
possessing relatively little drought resistance. Many “drought-enduring 
species, on the other hand, can endure this condition, which is i)hysio 
logically equivalent to permanent wilting, for months at a time without 


suffering irrecoverable injury. 

It seems clear, therefore, that one of the basic factors in the droug 
resistance of plants is a capacity of the cells to endure desiccation Avit ^ 
out suffering any irreparable injury. According to Iljin (1930) , dea o 
plant cells as a result of drying is not due primarily to the desiccation o 
the protoplasm, but to the destructive effects upon the protoplasm of "v an 
ous mechanical disturbances resulting from dehydration of the cell. 
mechanical effects such as pressure, stretching and tearing _ 

structive to protoplasm. During drying of cells the protoplasm is 
subjected to just such effects. The vacuole usually contracts more 

the cell wall thus leading to distortion and tearing of the " th. 

rlrastic disturbances in the protoplasmic system usually result in i ® _ 

As shown by the same investigator cells with a small surface in p jj 

tion to their volume and cells in which the size of the vacuo e 
relative to the protoplasmic mass are usually less subject to injuiy ^ 
desiccation than cells of structurally opposite types. In cells w ic 
into one or both of these classes, dehydration results in relative y 


mechanical deformation of the protoplasm. 
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Iljin (1933), Etz (1939), and others have shown that many kinds of 
plant cells, including some from highly parenchymatous tissues, can he 
s owly dried until all water disajipears from their vacuoles and subse- 
quently restored to their turgid condition without killing them. This ap- 
pears to indicate that desiccation of the protoplasm per se does not neces- 
sarily cause Its death. The turgidity of desiccated cells can he restored 
without injury only if they are allowed to imhihc water very slowlv from 
concentrated solutions. If immersed directly in water the ensuing rapid 
absorption results in mechanical deformations of the protoplasm which 
are lethal. Death of cells which would otherwise endure desiccation ap- 
parently can be brought about by either a too rapid diw'ing, or bv a too 
rapid absorption of water after severe desiceation. 
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DISCUSSION QUESTIONS 

1. Winch of thr- osmotic (]uantitie> of the mesophyll cells of the leaves on a 
maple tree will .^how the gre.ate.<t variation during a 24-hour period in mid- 
summer unfler “stand.ard d,i\''’ conditions? Why? 

2. Leaves of “shade ' ]>Iants usual]\' wilt upon a reduction in their water 
content of 5 per cent or less, while most "sun ’ specie.^ do not w*ilt unless t n 

reduction in leaf water content is 20 fier cent or more. Explain. 

3. At 6 A.M. the water content of the lea\'es on a certain specie.s of pant i. 
fotind to be 90 per cent; at 4 F.Nf. on the .^ame <lay 88 per cent. In tprm.« o 
water per gram of dry weight, w'hat jicr cent of the water originally present 

been lost ? ■ i me 

4. In lumbering ]>ractice it has been found that logs of yellow .;j 

other species float more readily if the side branches are not trimmed ® 
several weeks after th(' tree is felled than if they are removed immediate >. 

plain. 

5. Tomato plants w'hich develop during wet seasons are more apt o 
hot, .sunny days than tomato plants which develop under drier con itions. 

. ♦Ka HaiIv 

6 . Plot curve.s which might reasonably be expected to represent 

variations in tran.spiration, absorption of water, and tension in the -gg 

umns of a sunflower plant (1) on a “standard day, (2) on an o 
“standard day” with the soil water content approaching the 

ing percentage, (3) on a cool, cloudy day with the soil water content 

the field capacity. 
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7. Plot curves which miKht reasonably be expected to represent the <iaily 

variations in the osmotic pressure, turgor pressure, and diffusion-pressure deficit 

of the mesophyll cells of a sunflower plant under the several conditions listed ii^ 
question 6. 

8. Why should the tearing of the protoplasm away from the cell wall during 
drying usually be more harmful to a plant cell than separation of the j)rotoi)lasni 
from the wall during plasmolysis? 

9. Why do the lower leaves of a plant usually wilt before the upper leaves? 
The inner, more shaded leaves before the outer, more exposed le.ives ’ 

10. Why do light showers which do not result in penetration of water to the 
roots often result in restoring the turgidity of wilted plants? Whv do such 
showers not always have this effect? 

11. Hollow beech trees usually suffer more severcb- as a re.sult of a jirolomred 
drought than those with solid trunks. Suggest possible exiilanations. 
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Every actively metabolizing cell is a seat of hundreds of chemical re- 
actions, the speed and direction of which are controlled and regulated 
according to complex and integrated patterns. Each of these many diverse 
chemical reactions constitutes a link in some reaction chain leading ulti- 
mately to some stable oi* relatively stable product of cellular metabolism. 
Reaction follows reaction in regular order, each setting the stage for the 
next. The inherent control and regulation of the metabolic system is so 
delicate that i)hysiological processes of great complexity move smoothly 
and rapidly to completion. 

This precise and orderly regulation of the chemical reactions occurring 
in living cells suggests the |)resence of some mechanism of control. For 
many years this control was believed to be inseparable from the proto- 
plasm itself. During the nineteenth century, however, evidence began to 
accumulate which indicated that the mechanism of control might reside in 
certain specific compounds rather than in the protoplasm as a whole. This 
theory received important support ^^j]en^BllGhIl£r_m 1897 discovered that 
extracts from cnjshed, lifeless cells of yeast plants could bring about the 
fermentatmnTTfTtrg^r'soIutions. Here for the first time was tangible evi- 
dence that jirotopla^u was unnecessary for the oxidation of sugar to 
alcohol and carbon dioxide. Apparently such fermentation occurred only 
in the presence of certain specific compounds formed in yeast cells and the 
presence of these active molecules in small quantities was sufficient to 
bring about the oxidation of sugars. T he term e nzyme (literally ^n^ea5^) 
was coined to de^gnate these active sulbSances. SinceJKucHner^ original 
discovery, many ofRer en^mes” haV^lbe^ discovered and isolated from 
living cells. 
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It is now recognized that the orderly progress of each of the many 
chemical reactions in living cells is achieved through the agency of en- 
zymes. In digestions, for example, complex molecules are split into simpler 
ones through the action of enzymes. The enzyme g amijlase (Chap. XX) 
converts one fraction of starch into the much simpler molecules of the 

sugar maltose which in turn are hydrolyzed to glucose molecules by the 
enzyme inaltase: 


A ^ V Amylase 

2n (CgHioOg) + n HgO C 12 H 22 OU 

Starch Maltose 


C12H22O11 -j- H2O 

Maltose 


MalUse 


> 2 C6H12O6 

Glucote 


'^''•■''ohydrates (Chap. XX) as well as fats 
(Chap. XXIII) and proteins (Chap. XXVI) are hydrolyzed into simpler 
molecules through the action of specific enzymes. All of the many oxida- 
tion and reduction reactions which are steps in respiration (Chap. XXI H 
also depend upon the in-escnce of enzymes. It follows, therefore that 
living cells must contain large numbers of enzymes. Exiierimental’ work 
supports this assumption since hundreds of enzymes have been isolated 
irom the cells of a small yeast colony (flreen, 1946) 

Enzymes arc indispensable compounds which play a key role in metab- 
olism by bringing direction and control to the iihysiological processes of 
living cells It IS the enzyme .systems of cells which determine the kinds 
of chemical reactions that can occur. The particular kinds of food sub- 
stances made or used by idants, for example, depend upon the enzvmes 
which are present. A cell lacking enzymes which can hydrolyze starch or 
cellulose cannot use these comimunds as food materials, ply change in 

<'.n|.loy,.,l. nlthougl, „,.*Mivo a .1 

in verv small ouLtTtSrTT” n ^ Catalysts are effective 

portional to the quantity of catalvlV'^^ velocities is pro- 

that they influence the rate of ' I ^ Present; they are often siiecific in 

catalyst is present in the ■ reaction; and, finally, the 

of the reaction as at th 'beglnnmf ' ^ 

Enzymes appear to have most, but not all, of the characteristics of 
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TABLE l8 — A CI.ASSIFIKD 

Enzyme 

LIST OF SOME OF THE 

HVDROLYZINO ENZYMI 

Substrate 

Carbohydrases 


I- Sucrase (invertase) 

Sucrose 

2. a-(ilycosidases 


A. Maltasc 

Maltose 

3. ^-(flycosidases 


A. F.mvilsin 

(il) cosides 

B- Cellobiase 

Cellobiose 

4. o-C lalactosidases 


A. Melibiase 

K affinose 

1;. / 3 -(falactosidases 


A. I.actase 

I.actosc 

6. Polysaccharidascs 

A. AmNlases 


o-Arn ylase 

Starch 

^-Am vlase 

Dextrins 

B. Cellula.se 

Cellulose 

C. 1 lemicellulasfs 

Hemicelluloses 

0. lachenase 

lachenin 

♦ • A 

K. Inulase 

1 nuirn 

1 ^'. Protopecrina'se 

Protopectin 

(1. Pectinase 

Pectic acid 

Esterases 


I. I.ipase 

hats ^ 

2. ChloropliN llase 

Cfdoroph) 11 a 

3. I^ectase 

Pectin 

4. Tannase 

1 annin 

5. Phosphatases 

Phosphates orcom jxju 
containing phosphate 
groups 

6. Phosphor) lases 


A. or-(ilucosan phos- 

(ilycogen or starch 

phorylase 

+ H.PO4 

B. Sucrose 

Sucrose + HjPOi 

phosphorylase 
Enzymes hydrolyzing 
nitrogen comjx)unds 

I. Proteases 


A. Pepsin 

Proteins 

B. Trypsin 

Protei ns 

C. Papain 

Proteins 

D. Bromelin 

Proteins 

2. Peptidases 

Polyj^eplides 

3. Amidases 


A. Urease 

Urea 

B. Asparaginase 

Asparagine 

C. Arginase 

Arginine 


End Products 


(ilucose -f- iViictose 
(jiucose 

(ilucose -f* nonsugar 
(flucose 

Sucrose -|- g.ilacrosc 
Glucose + galactose 


Dextri ns 

Maltose, dextrins 
Cellobiosc 

riexbies' and pentoses 

Cellobiose 

Fructose 

Pectin 

(lalactose -f" uronic acid 

(ilycerol -p fatty acids 
Phytol -f- chlorophyllide 
Pectic acid + methyl alcohol 
(Jlucose -f digallic acid 

Phosphate ^^noivphosphate 


C»lucose-i- ph osphate 

Fructose + glucose-i-phos 
phate 


Peptones 

Polypeptides “F amino acids 
Polypeptides -F amino acids 
l’olyf>eptides + amino acids 
Amino acids 

Ammonia + carbon dioxide 
Aspartic acid -F ammonia 
Urea + ornithine 


TABLE 1 8 — CONTINUED 
DESMOLV2ING ENZYMES 



Enzyme 

I. Catalase 
II. F’eroxidases 

III. Carbonic anhydrase 

IV. Oxidases 

1. Cytochrome oxidase 

2. Tyrosinase 

3- Ascorbic acid oxidase 

V. Dehydrogenases 

1. Succinic dehydrogenase 

2. Alcohol dehydrc^enasc 
3- Malic dehydrogenase 

4. Lactic dehydrogenase 

5. a-Glycerophosphate 
dehydrogenase 

6. DiphosphoglyceraJde- 
hyde dehydrogenase 

7. Glutamic dehydro- 
genase 

VI. Transphosphorylases 
I. Hexokinase 


Substrate 


Hydrogen peroxide 
Hydrogen j>eroxide 
+ reduced compounds 
Carbonic acid 

Reduced cytochrome c 

Phenols 

.Ascorbic acid 

Succinic acid 
Ethyl alcohol 
Malic acid 
Lactic acid 
Dihydroxy acetone- 
phosphate 

1,3 Diphosphoglyceralde- 

hyde 

Glutamic acid 


VIL 


2. Phosphoglucomutase 

3. Phosphohexosioso- 
merase 

4. Phosphohexokinase 

S- Phosphoglyceric 
transphosphoryla.se 

6. Phosphoglyceromutase 

7. Phosphopyruvate 
transphosphorylase 

8. Phosphotriose 
isomerase 

Desmolases 

I. Aldolase 


Glucose or fructose 
+ adenosine triphosphate 

Glucose- i-phosphate 
C»lucose-6-phosphate 

Eructose-6-phosphate 
+ adenosine triphosphate 
* > 3 "I^>pbosphoglyceric 
acid ri" adenosine 
diphosphate 
3 -Phosphoglyceric acid 
2-Phosphopyruvic acid 
+ adenosine diphosphate 
3 -Phosphogl y ceraldehyde 


Fructose- 1 ,6-diphosphate 


VIII. Hydrases 

1. Enolase 

2. Aconitase 

3 * Fumarase 

IX. Carboxylases 

1. Pyruvic acid 
carboxylase 

2. Oxalacetic 
carboxylase 

3 - Amino acid 
carboxylases 

X. Transaminases 


2-Phosphoglyceric acid 

Aconitic acid + HjO 
Fumaric acid + H^O 

Pyruvic acid 


Oxal 


acetic acid 


Amino acids 

Amino acids -f- organic 
acid 


End Products 

Water + Oxygen 
Oxidized compounds 
+ water 

Carbon dioxide + water 

Oxidized cytochrome c 
Quinones 

Dehydroa.scorbic acid 

P'umaric acid 
Acetaldehyde 
Oxalacetic acid 
Pynivic acid 
a-Gl yeerophosphate 

1,3-Dlphosphoglyceric acid 

a-Ketoglutaric acid + NHa 


Adenosine diphosphate 
+ glucose- or fructose-6- 
phosphate 

Glucose-6-phosphate 
E ructose-6-phosphate 

E'ructose 1,6-diphosphate 
+ adenosine diphosphate 
3 -Phosph^Iyceric acid 
+ adenosine triphosphate 

2-Phosphoglyceric acid 
Pyruvic acid -E adenosine 
triphosphate 
Di hydroxy acetone 
phosphate 

Dihydroxyacetone phos- 
phate + 3 -phosphoglyceral 
dehyde 

2 phosphopyruvic acid 
+ H2O 
Isocitric acid 
L Malic acid 

Acetaldehyde -f- carbon 
dioxide 

Pyruvic acid -f carbon 
dioxide 

Amines + carbon dioxide 

Deaminated amino acid 
+ aminated organic acid 
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catalysts, and are often defined as orga nic cata lysts made by li ving cel ls. 
They enormously accelerate the rate of chemical reactions; they are effec- 
tive in very minute amounts; they are specific, since each enzyme is asso- 
ciated with only one chemical reaction or with only one kind of chemical 
reaction. The apparent differences between enzymes and catalysts are, 
first, that some of the molecules of enzymes are inactivated or destroyed 
during the course of the reaction which they catalyze and, secondly, the 
velocity of enzymatically controlled reactions is not always strictly pro- 
portional to the concentration of the enzyme. These differences between 
enzymes and catalysts may be more apparent than real. The destruction 
of enzymes during the course of the reactions they catalyze seems, almost 
certainly, to he the result of incidental side reactions and not a conse- 
quence of the participation of the enzyme molecules in the primary reac- 
tion. It is also probable that, because of the complexity of enzyme sys- 
tems, all of the enzyme molecules are not equally free to act as catalysts. 
For this reason, an exact proportionality between concentration and 

reaction velocity may not always exist. 

The Kinds of Enzymes.— The compound upon which an enzyme acts is 
known as the substrate. Enzymes are usually named by adding the suffix 
ase to the name of the substrate. Thus, the enzyme which brings about 
the hydrolysis of cellulose is called cellulase and the enzymes which hy- 
drolyze fats (lipoids) are known as l ipases . Sometimes the name given an 
enzyme describes the kind of reaction in which it participates rather than 
the particular substrate molecule utilized. Enzymes which catalyze t e 
transfer of hydrogen atoms from one compound to another, for examp e, 
are known as dehydrogepases. Both the substrate molecules and the 
of reaction are sometimes indicated in the name of the enzyme as m 
cinic acid dehydrogenase or c ytochrome oxida se. The compounds 
formed^ a reSilt "b^f the action of an enzyme on a substrate arc 

as the end products of the reaction. Thus, when the enzyme 

upon canb^u^r~T sucros e) , equal numbers of glucose and fructose mo 

cules are formed: 


_ _ _ Sucrase 

C12H22OU H2O > 

Sucrose 


C6H12O6 + C0H12O6 

Glucose Fructose 


Glucose and fructose are, therefore, the end products of this r 
Enzymes are generally classified on the basis of the km s 

which they catalyze. Most of them can be classified J .^esmoly*- 

of two great groups: (1) the hydrolyzing enzymes, and (2) _j,gtrate 
ing enzymes. Enzymes in the former group cause cleavag , 

molecules by the addition of water. Digestive enzymes, m genera , 
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of this type. The reaction.-^ catalyzed hy (lesm<)lyzin<; enzymes are mure 

diverse than those catalyzed by hydrolyzing enzymes. In general they 

catalyze other than hydrolyzing reactions such as the breaking of linkages 

between carbon atoms, the addition or removal of atoms or atomic grou|is 

fiom molecules, and the shitting of atoms or groups from one ))art of a 

niolecule to another. Enzymes involve*! in respiratio n and fermentation 

(Chap. XXII) are of the desmolyzmgji-pe. In Table 18 are listed mo.d of 

the enzymes known to be of importance in the higher plants. Many of 

the enzymes tabulated catalyze the reverse reaction as well as the one 

indicated. All details of all of the reactions cannot be shown in a summarv 

table of this kind. The roles of many of these enzymes arc considered more 
lully m later chapters. 

The Chemical Structure of Enzymes.— Marv of the earlv .-studies of cn- 
zymes showed that they exhibited projrerties such as I'.eat sensitivity, 
colloi^diniensions and /jII sensitivit y which suggesteiiTbHTlSWi^s- 
sessed propertied of proteins. All etTorts of earlier inve^ti- 

foirtm enzymes as pure substances failed, however, and not until 

dm bumner succeed in isolating 

the enzyme ureas e in pure crystalline 
form and showing it to he a protein. 

Since then a number of enzymes have 
been isolated from plant and animal 
tissue, each one jiroving, uiion criti- 
cal study, to he a protein. A number 
of the enzymes have been obtained 
in the form of bcautifullv shaiied 
crystals (Fig. 801. It is now gener- 
ally recognized that all. enzymes are 
liasically proteins, although many of 
them also have 'non-protein groups 
attached to the protein molecules. 

The fact that many enzymes have 
heen c rystalliz ed and shown to be 
protein molecules of varying complexity has not rrvQo*i ■ 
derstanding of their behavior, however The intric it‘e 

baffles the most skillful chemLs stands in ih ^ 

tory comprehension of the way in which en^ any very satisfac- 

alytic action. enzymes accomplish their cat- 

s pJii zi'X ™'p<ivoso„L„ 

which some non-protein (prosthetic) group 



fl''. SO. ( ot die CM/ATIU' 

urca>c from jark h(*;m ((’annva/ia 
ensiforrtus) . Photograph courtesy of 

h)r. ,1. B. Sumner. 
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is attached. The prosthetic group may itself be highly complex in its 
molecular architecture. 

Enzyme molecules of the first group include a number of the hydro- 
lyzing enzymes such as urease, amjdasCj and papain. These enzymes ap- 
pear to consist only of protein and to possess no non-protein groups. In 
enzyme molecules of this kind the molecular orientation of each of the 
many amino acid groups which together make up the protein molecule 
probably plays a role in determining its catalytic activity. 

The oxklizing-reducir^ enzymes (Chap. XXII) all belong in the sec- 
ond group. In some of these enzymes the prosthetic (active) group is 
a metal or an organic group which includes a metal. Iron, copper, and 
zinc are all known to form a part of the molecules of some of these en- 
zymes. Other oxidizing enzymes contain organic groups, often of great 
complexity, in addition to the protein moiety. 

Many of the desmolyzing enzymes can be separated into a protein frac- 
tion and a coenzyme represents the prosthetic group. Because of 

differences in dissoeiability it appears that the active groups of some such 
enzymes are \isually attached to the protein as prosthetic groups, while 
the active groups of others exist in the protoplasm apart from the protein 
and are called coenzymes. Although the coenzymes are often referred to 
as the active groups of the system they must; 6e linked to or closely asso- 
ciated with the protein component for the enzyme to be fully effective as 
a catalyst. fCoenzymes include a wide variety of compounds, some of 
which are built up in part from vitamins (Chap. XXVIII). 

Enzyme precursor_s, often called z ymogens , are sometimes present in 
cellsTSu^ precursors are inactiv e until converted into enzymes. The com- 
'pbuhds which bring about the transformation of precursors to enzymes are 
called k incjs^ A number of kinases have been identified, but relative y 

little is known about the mechanism of their action. 

For more detailed discussion of the structure of enzymes such references 
as Northrup et al. (1948), Stern (1944), Sumner and Somers (1947) and 
Lardy (1949) should be consulted. 

General Properties of Enzymes.— 1. C^ajy^c Catalysts are 

substances which, although present in only small amounts and una ec e 
by the reactions they accelerate, bHng about chemical changes in re a 
tively -large quantities of reacting materials. Similarly, a very small 
tity of an enzyme can catalyze the transformation of vastly larger quan^ 
tities of the substrate. It has been estimated, for example, that 
sucrase t“invertase”) can effect the hydrolysis of at least 1 , 000^,000 im 
its own weight of sucrose without exhibiting any appreciable 
in its activity. The enzyme catalase brings about the reduction o Y 
gen peroxide to water and molecular oxygen; 
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2 H2O2 


CatAlase 



2 H2O + O2 


hll VT of this enzyme 

minute ^ conversion of 5,000,000 molecules of II.,()., per 

minute uhen conditions are favorable (Sumner and Somers, 19471 ' 

in?hp H'" direction of stable equilibria fe 

oossibl r r ^ ^yStoirtTh^nmvest 

LraHer thf conditions. Neither enzymes nor catalysts 

an alter this situation, although they may enormously increase the Jate 

at which equilibria are reached. No enzyme can cause a reaction to ocnir 

chan inconsistent with the laws which govern energy 

changes between reacting molecules. 

2. CoUmdal Cotuiifion.— All mjynics that have heen isolated and iiuti 
withm the srse limits which characterize the |,.rtieles of col “ d.rsysle ,! 

They are therefore compounds of high n.olecula, teeights The enzyme 

has been emphasized earlier (Chan TTTi t;* tl niensions 

water are colloidal systems tbnv , . " di.spcrsed in 

which catalyzed reactions can occL ThrassTciltToTb^ 

substrate is considered by some to be n In between enzyme and 

others, a true adsorption Vhe^menon ^-^'-^tion, by 

on?y w^:;„''ri“roV:r""? ‘v”' “i— » 

that there must be a separate on ^ f substrates. This tloes not mean 
enzyme acts only upon " I 

parcntly each individual enzyme can affect nH I^'^^tern. Ap- 

chemical bond. When a number of different r> ^ Particular type of 
in common, they can be acted Ufion by the this bond 

the enzyme emulsin can hydrolyze anv S example, 

chemical linkage ^Kdween^he su ""L" since the 

glycosides is the same. ^ '^°'’-**ugar groiqis in all such 

products arc^formedVom''tre'sanm'^'‘*bV'^t different end 

ferent enzymes. In the presence of tbe influence of dif- 

Presence of sucrase, for example, the trisaccharide 
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raffinose (C.'hap. XX) is hydrolyzed into melibiose and fructose while, in 
the presence of einiilsin, the end products of the reaction are sucrose and 
galactose. Pyruvic acid (Chap. XXII) is notable for the large number of 
compounds into which it may be converted by the action of different 


enzvmes. 

]\Iany enzymes ajiparently act on only a single kind of substrate. The 
enzyme urease, for cxainnle, can act only upon u rea and no other mole- 
cule. Cytochrome oxidase (Chap. XXTIl appears to be another example 
of absoTute~¥pecificity since it can catalyze only the oxid ati on of cyto- 
chrome c by oxygen. Often enzymes are not so restricteci in their activity 
and can act upon a specific kind of chemical linkage or even upon related 
bondings. When this is true, however, one kind of bond is acted on pref- 
erentiallv and related bonds are usually affected at a slower rate. 

4. BeversibiUty oj Action.— A true catalyst is able to cause the accel- 
eration of a given reaction in either direction provided suitable sources 
of energy are available. Although the capacity of enzymes to catalyze 
reactions in both directions has been demonstrated experimentally foi 
relatively few of them, there is little reason to doubt the reversibility of 
enzyme action. The synthesis of fats from glycerol and fatty acids under 
the influence of the enzyme lijiase has been accomplished. Similailj, i 
has l)ccn shown that under yiroper conditions other enzymes such as some 
of the ]u-oteases and urease can synthesize the compounds which, un er 
other conditions, serve as their substrates. Glycosiiles have also een 
synthesized from the end products of their hydrolysis under the 
of the enzyme emulsin. Hence, it is often inferred that most hydrolju 
enzymes possess the capacity of catalyzing not only the hydrolysis o ^ 
certain substrate, but also, under proper conditions, the synthesis o 

same substrate from the end products of its hydrolysis. varia- 

It docs not necessarily follow, however, that the same enzyme m 
bly catalyzes both the synthesis and degradation of a given m o 
culc. It is known that some molecules are synthesized by the oP®’’ 
reaction chains which involve other compounds and other 
those which bring about their hydrolysis. Urea, for examp e, is 
in animal cells by the action of the enzyme arginase upon arg , 
urea is hydrolyzed by the enzyme urease. Another examp e o 
ciple is illustrated by the two different enzymes which ^ 

hydrolysis and synthesis of sucrose. Sucrose is hydro yje 
and fruetose by enzyme sucrase (invertasc), but its 
ently requires the action of the. enzyme sucrose_phosphory__ 

5. Heat Sensitivity.— VnUke most inorganic 
inactivated or destroyed at temiieratures considerably beio 
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point of water. At temperatures above 50°C. most enzymes in a licmiH 
raediurn are rapidly inactivated. Inactivation, although L a slower rate 

Zu J temperatures. Most enzvmes in a 

a east for short periods of time. The destruction of enzymefin Jus ran.^ 
of temperatures is in all probability a heat coagulation phenomenon 

pem^rriOO^ tem- 

^t su.erii^«^ ^ 

rS4S=r?~-"-'-= 

retards or may even entirelv nrPvor,+ * a ^ ^ dispersed greatly 

which would otherwise result in its de ^ ^ temperature 

products of an enzvnfe IZZ 1 The substrate or end 

destructive agents (Table 19). protective effect against other 

destruction BV Z'idI rLK?UE™ A\cLrL°"^rND h° EXTRACT FROM 

PAINE, 1910) * (data of HUDSON AND 


Concentration 

of fructose, % 


o 

2.7 

5-4 

10.9 


Destructive agent 


0 . 04 /VHCI, 
30" C 


0.03 //NaOH, 
30 ® C. 


50 per cent 
alcohol, 30® C 


Distilled water 

61® c. 


Relative rates of destruction 


100 

26 

12 

2 


100 

3 

3 

4 



Temperatures near or belnw ti.,. r 

inactivation of enzymes but not r in the 

the temperature is raised’ to within aTSf ’'^hen 

i.tuo if .,„y i„ ,Lr;i"r! *" •» i*' 

Occurrence and Distribution of Plant En, 

“^.lly hundreds of The„ TT7n 

mem, but they are not uniformly 
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distributed throughout the cells of a plant. Certain enzymes, notably 
those associated with respiration, arc present in all living cells, but others 
may be restricted in their distribution to certain organs or tissues. The 
leaves of the garden beet, for example, are- reported to contain sucrase, 
maltase, and amylase; the stems, sucrase, amylase, inulase, and emulsin, 
while the roots contain amylase, inulase, and emulsin (Robertson et al, 
1909). Cenninating seeds are the richest of all organs of higher plants 
in enzymes and are fretiuently used as the source of enzymes in experi- 


mental work. 

In some tissues the enzyme and corresponding substrate are both pres- 
ent but are separated from each other by cellular membranes. This is 
true, for exami)lc, in the seeds of the bitter almond where the enzyme 
emulsin and its substrate amygdalin both occur but not in the same cells. 
When bitter almond seeds are crushed, the enzyme and its substrate are 
brought into contact and hydrolysis of the glycoside proceeds (Chap. 
XX). More frequently the substrate and the enzyme which catalyzes i s 
hydrolysis both occur in the same cell. Whether or not hydrolysis o e 
substrate will occur is dependent upon conditions within the cell. is 
almost invariably true that plant tissues which are rich in a ce 
substrate will be relatively rich in the corresponding enzyme and vie 


versa. orinrls 

Some plant enzymes, at least, maintain their potency ^ o at 

of time. Miehc (1923) has demonstrated that rye seeds which 

least 112 years old still contained amylase which would hydro yze s 

The death of plant cells does not cause the simultaneous destruction 


of the enzymes present in the cells. . 

The cells of bacteria and fungi are rich in ^"^""ulV^Tnlants live, 
bring about the hydrolysis of the substrate upon ^ .,3 they 

Although these hydrolyzing enzymes are synthesized 
pass outward through the cellular membranes and cause th ^ 
the substrate material outside of the cells of the organis ^ sifbstrate 
of bacteria and fungi can live and grow on a wide ^ 

materials. The cells of these organisms apparently can &y ^ 

ber of different hydrolyzing enzymes, and there is good r 

that the particular hydrolyzing enzymes actually ^ composition 

these plants are determined at least in part by the c 

of the substrate. , . „ various faC' 

Factors Affecting Enzymatic Reactions.— The mAuen 

tors upon the reactions of the enzymes of the hig ^ P prepare 

studied almost entirely in vitro. The usual , then to bring 

a more or less purified extract of the enzyme to be s ’ nfbtions, 
this extract into contact with the substrate under controlled 
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of the enzyme and substrate molecules. The structure of the cnzyiiu* 
molecule must bear such a relationship to the structure of the substrate 
molecule that combinations between the two can take place. 

Competitive inhibitors are compounds sufficiently similar, in their mo- 
lecular architecture, to the usual substrate molecules as to combine with 
the active groups of the enzyme. 'When such a combination between 
enzym^e and inhibitor occurs, further progress of the reaction is blocked 
and the enzyme is rendered inactive. In a sense the inhibitor competes 
with the substrate for the enzyme. The union of substrate molecules and 
enzymes is very transitory and the enzyme is (piickly restored to its 
original condition, but the union between an inhibitor and an enzyme 
may endure and effectively eliminate the enzyme molecule from further 
participation m the reaction. The molecules of the end products of an 
enzymatic reaction sometimes act as inhibitors in this way. 

Competitive inhibitors also may work in other ways. For e.xample the 
sul a drugs so effective against certain kinds of bacteria are very sin’iilar 
m their mo ecular architecture to para-aminobcnzoic acid, a vitamin of 

bacteria. This vitamin appears to owe its importance to the fact that it 
.s an essential component of enzymes participLting in certai.: of tl rcL- 
of respiration. The close similarity in the chemical structure of 
para-ammobenzoic acid and the sulfa molecule makes it po..>ible for the 

in! a Tl component of the enzyme forni- 

ng a unit which has no catalytic action. The sulfa molecules\herefore 

may be considered as competing with the vitamin molecules for the same 

enzyme reactions by combining with certain atom - i n ^ 
groups of enzymes and thus preventine the en^v f " c prosthetic 
the reaction chains in which they noriiLly opollZ 
Isoncompetitivc inhibitors mav act in f 

action apiiears to l,e a union of the inhibUor (T’"' 

n.oicc„,e. When u,i, 

so characteristic of biplogical processes Thk m 

combination of the inhibitor with one of^the c accomplished by a 

sequence of reactions thus preventing the us^TT ® 

reaction series. Some of the hettrr if ®o™Pound in the 

effective c:n::ntr:L;f 
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TABLE 21 — EFFECTIVE CONCENTRATIONS OF SOME ENZYME INHIBITORS 
(data OF STERN, I944, AND SUMNER AND SOMERS, I947) 


Inhibitor 

Effective concentration 

Enzyme inhibited 

Cyanide 

io“® M 

Cytochrome oxidase 

Carbon monoxide 

70 % by volume 

Cytochrome oxidase 

Heavy metals 


Many 

Fluorides 

io“3 M 

Phosphatases 

Malonic acid 

lo"^ M 

Succinic dehydrogenase 

lodoacetates 

io“3 M 

Papain, alcohol dehydrogenase 
and others 

Sodium azide 


Catalase, peroxidase, cytochrome 



oxidase and others 


Radiant Energy . — Radiations of various wave lengths often have 
inhibitory or inactivating effects upon enzymes in vitro. This is espe- 
cially true of wave lengths in the ultraviolet. The shorter wave lengths 
of the visible spectrum usually have more marked effects upon enzymatic 
activity than the longer wave lengths of visible light. Very little is known, 
however, regarding the effects of radiant energy upon enzymes as they 
exist in living cells. 

The Synthesis of Enzymes. — Until recent years little more was known 
about the origin of enzymes than the fact that they were products of the 
metabolic processes of living cells. Experimental studies by Beadle (1945, 
1946), Horowitz (1947), and others, have demonstrated beyond reason- 
able doubt that the synthesis of enzymes is controlled by genes in t e 
chromosome complement of the cell. A species of bread mold (Neurospota 
crassa) was used as the experimental organism by these investigators. 
This fungus can be grown in a culture medium containing only sucrose, 
certain mineral salts including nitrates, and biotin (a vitamin, aP* 
XXVIII). By various treatments of the spores such as exposure 
X-rays or ultraviolet irradiation, mutant strains of this organism 
be obtained. Some of these mutants will not grow on the basic me 
described above but require the presence of one or more additiona co^^^ 
pounds. Apparently such a mutant is incapable of making some ne 
sary compound which could be synthesized by the origina s ra 

the organism. , 

One such mutant, for example, was found not to grow un 

amino acid tryptophane (Chap. XXVI) was present in the 
tryptophane-sjmthesizing capacity of this strain of the mol 
lost. Loss of this capacity was found to result from a failure to a , 
within the organism of one specific step in the chain of reactions 
tryptophane is synthesized. Furthermore, the enzyme whic ca 
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this particular reaction was also found to be absent from the mutant. 
Genetic studies showed that the absence of this particular enzyme was 
correlated with a difference in the properties of a certain gene as com- 
pared with its properties in the original strain of mold. The inference 
seems clear that synthesis of this particular enzyme is controlled by a 
certain gene. 

In similar fashion synthesis of other enzymes in Neurospora appears 
to be controlled by other genes. Genes are composed of proteins of the 
type known as nucleoproteins (Chap. XXVI). Evidence from other organ- 
isms also points to the now widely entertained view that enzyme synthesis 
is controlled by genes and that the synthesis of a given enzyme is con- 
trolled by a given gene or genes. 

A widely held hypothesis is that there are present in the cytoplasm 
self-duplicating units called plasmagenes which are responsible for the 
formation of enzymes (Spiegelman, 1946; and others). This view is not 
necessarily in conflict with the concept that enzyme synthesis is con- 
trolled by genes since it might be supposed that the plasmagenes are 
formed under the influence of the genes and that they may even be 
replicas of them. The plasmagenes may either be centers of enzyme syn- 
thesis or may themselves operate as enzymes. This theory further holds 
that the rate of multiplication of a given plasmagene may be different in 
different kinds of cells, thus accounting for variations in the quantities 
of enzymes present from one cell to another. 

The Relation of Enzymes to Vitamins and Hormones. — Enzymes, vita- 
mins, and hormones are all similar in at least one important respect. Each 
of these substances is capable of inducing important physiological reac- 
tions in living cells when present in only minute amounts. In recent years 
the relationships between these three classes of substances has been 
clarified greatly by the discovery that several of the vitamins form a 
part of the prosthetic groups of important enzymes. Among these are 

such vitamins of the B complex as thiamime, nicotinic acid, riboflavin 
and pyridoxine (Chap. XXVIII). ' 

The relationship between hormones and enzymes is less clear There is 
evidence however, that the important plant hormones known as auxins 
(Chap. XXVIII) play some role in an enzyme system involved in carbo- 
hydrate metabolism. In view of the close similarity in the physiological 
roles of hormones and vitamins, it seems probable that hormones also 
will be found to act either as actual components of enzyme systems or as 
agents^Wchjjowerfully affect enzyme activity. 

^:.^Jlw=^honism of Enzyme Action.-Chemical reactions occur when 
mo ecu es or ions collide with each other. Only a small portion of these 
molecular collisions result in chemical reactions, however, because, to 
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combine with another, a molecule must be at a higher energy level than 
most of its associates— it must be “activated.” The frequency with which 
chemical combinations occur depends upon the proportion of activated 
molecules in the medium. Energy is necessary to bring molecules into 
this activated state. The so-called “activation energy” of a reaction 
represents the energy required to bring molecules up to the energy levels 
at which chemical combinations can occur. The role of an enzyme seems 
to bo that of bringing about chemical reactions at lower energy levels, or, 
in other words, of decreasing the energy of activation. When the activa- 
tion energy is reduced, a larger proportion of molecules in the medium 
are in an active state and as a result more chemical combinations be- 
tween molecules occur. The difference in the energy of activation brought 

about by the presence of an enzyme is shown for three specific chemical 
reactions in Table 22. 


TABLE 22 THE INFLUENCE OF ENZYMES UI*ON ACTIVATION ENERGY 

(data of linewf.aver, 1939) 



Activation eneri^y in cal. /mol. 


Reaction 

Without enzyme 

With enzyme 

Enzyme 

Decomposition of H2O2 

18,000 

S»SOO 

Catalase 

Hydrolysi.s of sucrose 

26,000 

1 1,500 

Yeast Invertase 

Hydrolysis of sucrose 


* ^ 

13,000 

Malt Invertase 

Hydrolysis of casein 

20,600 

12,000 

Trypsin 


The chemical reaction catalyzed by an enzyme often appears to occur 
between the coenzyme and the substrate, yet no reaction will occur if 
coenzyme and substrate molecules alone are present. When the protein 
component of the enzyme is added to the mixture, the 'reaction proceeds 
at once and often at a very rapid rate. These facts suggest that the 
protein fraction of the enzyme in some way increases the reactivity of 
the substrate molecules, probably as a result of a very temporary union 
between protein and substrate. This union must be fleeting indeed, for 
one enzyme molecule may bring about the chemical combination of 
thousands of substrate molecules in a single minute. 

Indirect evidence of such combinations between enzyme and substrate 
is furnished by the effect of inhibitors. The specificity of the enzyme 
probably depends upon the architecture of the protein component. Studies 
of inhibitors have shown that compounds similar to substrate molecules 
in their chemical architecture may block the action of an enzyme. This is 
interpreted as evidence that the properties of the protein and the inhibitor 
molecules permits at least a partial union between them to occur but tna 
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the resulting linkage is not com])let(* nor perfect enough for the reaction 
to continue. 

The protein fraction of the enzyme is believed to be analogous in a 
sense to a complicated lock. Only when a substrate molecule has the 
complementaiy pattern — that of a key to the lock — can the two work 
together. If the key does not fit precisely, the lock may be jammed — i.e., 
the reaction inhibited. 

The temporary combination of ])rotein and substrate activates the 
latter so that reactions may occur. These reactions often involve the 
transfer of atoms or molecules between coenzymes and substrate. This, 
in general terms, is one widely accepted theory of the way in which 
enzymes operate. 

The ingenious experiments of Rothen (1947) indicate that direct union 
between substrate and enzyme may not ahva\'s be necessary for catalysis 
to occur. In these experiments enzyme aiul substrate molecules were 
separated by extremely thin barriers of pla>tic that prevented any direct 
contact between them. In spite of this barri(T, the enzyme catalyzed 
chemical changes in the substrate molecuh's. Although these cxpeiiments 
have not been carried out upon a sufficient scale to permit any generaliza- 
tion, they suggest the interesting possibility that enzymes may be capable 
of activating substrate molecules by forces that are effective over a dis- 
tance of at least 20 m[j.. 

The Production of Enzymes by Plants. — A distinction is often made be- 
tween intracellular or endoenzymes and extracellular or exoeny^mes. The 
former operate within the ceils in which they are synthesized; the latter 
are secreted by cells and operate externally to the cells in which they 
originate. The enzymes of the digestive tract of higher animals are of 
the extracellular type, being secreted from certain cells into the various 
organs of the alimentary system. Extracellular digestion as a result of 
the release of exoenzymes is a regular feature of the metabolism of many 
bacteria and fungi. 

In higher plants, however, exoenzymes are the exception rather than 
the rule. There are only two well-known examples of the extracellular 
operation of enzymes in the higher plants. One of these is in the so-called 
insectivorous plants such as the pitcher plajij^ and sundews. The leaves 
of these species have been shown*t^^rcte proteaseTinto the liquid in 
the “pitcher” or, in the sundews, on the surfac^fTh'e leaf. 

Certain tissues of the embryo in the grains of various members of the 
grass family also synthesize exoenzymes (Brown and Escombe, 1898, and 
others). This phenomenon cannot be appreciated without a knowledge 
of the vaiious parts of the grain type of fruit. These are illustrated in 
Fig. 84 which represents a longitudinal section cut through a corn grain 
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across the shorter of the two transverse axes. The structure of the other 

grains (wheat, barley, rye, etc.) is, in general, veiy similar to that of the 
com grain. 

Shortly after a grain of com, barley, or one of the other closely related 
species begins to imbibe water striking changes take place in the appear- 
ance of the epithelial cells of the scutellum (Fig. 85). The protoplasmic 
contents of these cells, originally fin^jT granulated and nearly transpar- 
ent, become much coarser in texture and clouded in appearance. The 


•pencarp 


endosperm 



scufel/um 


coieopH/e 

plumule 


co/eorhiza 
'pr/mary roof 
roof cap 


Fig. 84. Longitudinal section through 
a com (maize) grain to show the prin- 
cipal parts of the grain and embryo. 



scuf^Hum 


endosperm 


Fig. 85. Section through a small por- 
tion of a com (maize) grain. Starch has 
been digested in several layers of endo- 
sperm cells adjacent to the scutellum. 


nucleus, originally clearly visible, is obscured by this change in the physi- 
cal properties of the cytoplasm. The epithelial cells also swell to several 
times their original volume during the first few days of germination. 

Not long after these changes occur in the appearance of the cells of the 
epithelium the cell walls of the endosperm cells adjacent to the epithelial 
layer begin to disappear, and the starch grains in the cells of the endo- 
sperm begin to show corrosion. Shortly afterward transitory starch grains 
appear in the parenchymatous cells of the scutellum. Enzymes produced 
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in the layer of epithelial cells apparently have moved into the endosperm 
and there set in operation digestive processes, the products of which 
subsequently pass into the scutellum. This seems to be the mechanism 
whereby the embryo obtains food from the endosperm during the process 
of germination. The principal enzymes secreted by the embrjm are hemi- 
cellulase which results in the dissolution of the endosperm cell walls, and 
diastase (amylase plus maltase) which results in the digestion of starch. 
Similar phentJtheha uncToubtedly occur during the germination of other 

kinds of seeds. 
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THE C HLOROPHYLLS AND 
THE CAROTENOIDS' 



Radiant Energy.— An elementary knowledge of the physical i>roperties 
of light and other kinds of radiant energy is essential for a proiier under- 
standing of photosynthesis, the synthesis and properties of chloroi)hyll, 
and many other plant processes to be discussed in the subsequent chapters 
of this book. Radiant energy, as judged from some of its i)ropcrties, 
appears to be propagated across space as undulatory waves. Ordinary 
sunlight or “white light” from any artificial source seems homogeneous 
to the human eye but after it has passed through a prism apjiears as a 
spectrum of colors. This dispersion of light by a prism was first tlemon- 
strated by Newton in 1667, but man had already long been familiar with 
the similar phenomenon which occurs in rainbows. The order of the more 
prominent colors in a spectrum of sunlight is red, orange, yellow, green, 
blue-green, blue, and violet. Each of these colors corresponds to a differ- 
ent range of wave lengths of light (Fig. 861. The wave length is the dis- 
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tance between two successive crests of a wave. The wave lengths which 
induce the sensation of light, range from about 390 mtx to about 760 

Visible light, however, constitutes only a very small part of the spec- 
trum of radiant energy (Fig. 86). Beyond the visible red lies the long 
zone of infrared or “heat waves” which range up to a wave length of 
about 100,000 Electric waves are still longer and range in length up 
to a kilometer or more. The waves used for radio transmission are in 
this portion of the spectrum of radiant energy. 

Just below the region of visible light in the radiant energy scale lies 
the ultraviolet zone which ranges down to wave lengths as short as 10 
Even shorter are tlie X-rays (0.01-10 iiijjl) much used for their therapeutic 
effects in medicine. Below them on the scale lie the gamma rays (0.0001- 
0.01 rafi.) which are emitted by radium, also used in medical therapy. 
Shortest of all are the cosmic rays, which are less than O.CKX)! m[x in wave 
length. 

The wave lengths which reach the earth^s surface from the sun range 
from about 300 m|x in the ultraviolet to about 2600 m[i. in the infrared. 
In their natural habitats plants are also subjected to bombardment by 
the extremely long electric w'aves, and the extremely short cosmic waves, 
but there is no experimental evidence that either of these kinds of radiant 
energy has any effect upon plants. 

In the preceding discussion we have referred to radiant energy as a 
wave phenomenon with an air of finality which is not justified by ob- 
served facts. Many radiant energy phenomena, such as the behavior of 
light in optical systems, can only be satisfactorily explained at the pres- 
ent time in terms of the postulate that light travels as waves. Other effects, 
however, appear completely unintelligible in terms of this hypothesis. 
The most important of these are photochemical reactions such as the 
effect of light upon sensitized photographic paper and its role in the 
process of photosynthesis. At the present time such phenomena can only 
be explained satisfactorily by the assumption that light is particulate in 
nature. According to this concept a beam of light is pictured as a stream 
of tiny particles. Each of these particles is called a photon. When such 
photons impinge against a suitable substance their energy may be trans- 
ferred to the electrons which they strike, thus inducing photochemical 
reactions. 

The energy manifestation of a photon is called a quantum. The energy 
value of quanta varies inversely with the wave length. A quantum of 
ultraviolet radiation with a wave length of 100 m[jL, for example, has four 
times the energy value of a quantum of violet light with a wave length of 


^ A millimicron (m/*) is one-thousandth of a micron. 
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400 m|j., and eight times that of a quantum of infrared radiation with a 
wave length of 800 

Radiant energy, therefore, apparently possesses a dual nature, and at 
present it is impossible to reconcile its corpuscular with its undulatory 
manifestations. All we can say with certainty is that, in some of its 
effects, radiant energy behaves as ij it traveled in waves, in others as if 

it is propagated across space as a stream of photons. 

Light and all other kinds of radiant energ>' vary in several different 

ways, the most important of which are: (1) irradiance (“intensity”), (2) 

quality, and (3) duration. 

Irradiance is the radiant energy receipt per unit area per unit of time. 
It is commonly expressed as ergs per cm.- per sec., microwatts per cm.^, 
or as g.-cal. per cm.^ per min. (Withrow, 1943). On a clear summer’s day 



Fig. 87. Daily variations in light intensity (horizontal incidence): (A) on a 
clear day in early July, {B) on a clear day in early January, (C) on an early 
January day with heavy clouds. Curves based on measurements made at Colum- 
bus, Ohio. (40* N. latitude). 

in the midtemperate zones the impinging solar radiant energy has an 
irradiance of between 1.2 and 1.5 g.-cal. per cm.^ per min. at neon. The 
irradiance of light and its “brightness” are not the same, the latter being 
an index of the illuminating capacity of light as perceived by the human 
eye. Neither are they expressed in the same units. Nevertheless there is 
usually a fairly close correlation between these two quantities. Illumina- 
tion values corresponding to the irradiance mentioned above range from 
about 8,000 to 10,000 foot-candles. On a cloudy winter’s day in the same 
latitudes, irradiance and illumination values are commonly only 10 per 
cent or even less of those at corresponding hours on a clear summer’s day 
(Fig. 87). 

“Quality” refers to the wave-length composition of light. The quality 
of light from a tungsten filament bulb, for example, is very different from 
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that of sunlight The latter is relativelj' richer in blue light and relatively 
poorer in infrared than the former. Similarly, the quality of light from 
one artificial source, such as a fluorescent tube, is different from that 
from another artificial light source such as a tungsten bulb. 

'‘Duration,” as applied to the light-relations of plants, refers to the 
number of hours a day during which a plant is exposed to illumination. 

The Chloroplast Pigments. — (Ireen is the j>redominant color of the plant 
kingdom. AVith only a few exceptions all leaves are green in color as are 
also many other plant organs such as herbaceous and young woody stems, 
young fruits, and sepals of flowers. The green coloring of plants is often 
termed chlorophyll, although actually a number of kinds of chloropliylt 
occur in i)lants. 

Less evident is the fact th.at the leaves and many other organs of ])Iants 
also contain yellow )iigments. These are selflom appannit except in leaves 
in which the chlorophyll fails to de\'elo]'). or in which it is destroyed as a 
result of .senescence or other pliysiological changes, ('orn plants that have 
grown from seed in the dark, for example, do not synthesize chlorophyll, 
but arc usually yellow in color lu'cause of the presence of yellow pigments. 
In the autumn disinti'grat ion of the chlorophyll in the leaves of many 
woofly s]iecies results in unmasking the yellow pigments which are also 
present in the leaves. The yellow chloroplast ])igm(‘nts of leaves belong 


to the group of compounds called rnrotennid^ I see latei'L 

Except in blue-green algae and the photosynthetic bacteria, chloro- 
fdiylls occur only in the cliloroplasts. The carotenoids of leaves are also 
restricted to the chloroplasts, and this also appears to he true of the 
carotenoids in the cells of most algae. All of these pigments ai)pear to be 
present only in the grana of the chloro|)lasts (C’hap. lA^). Tn certain othci 
plant organs, such as flower petals, the yellow ])igments occur in chronio- 
plasts. The chloi’ophylls and associated carotenoids are often called the 
chloroplast pigments. In some kinds of algae pigments of another group, 
called the phycobilinSj also occur in the chloroplasts. The best known of 
these are the phycoerythrin of most red and some blue-gr(?en algae, and 
the phycocyanin of most blu(‘-green and some red algae. The.sc two pig- 
ments are closely related cluMnically. Both arc colloidal proteinaceous jiig 


ments and can be extracted from the cells with hot water. 

The Chlorophylls.— A number of different kinds of chlorophyll occur 

in the plant kingdom (Strain, 1944). Of these, chlorophyll a 
nearly of universal occurrence being present, as far as is known, in a 
photosynthctic organisms except the green and purple bacteria. Chloro 
phyll b is found in all higher plants and in the green algae, but is no 
present in algae of mast other phyla. Chlorophyll c is found in the brown 
algae and diatoms, which do not contain chlorophyll b. Similar y re 
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algae contain chloroi)hyH d but no chlorophyll b. In the purple bacteria 
still another kind of chlorophyll called bacteriochlorophyll is present, 
whereas the green bacteria contain another apparently similar pigment 
called bacterioviridin. All of these chlorophylls are very similar in chem- 
ical composition and all of them arc compounds which contain mag- 

ncsium. 

Chlorophylls a and b are the characteristic chlorophylls of the higher 
plants. Neither is water soluble, hut both arc soluble in a number of 
organic reagents. Chlorophyll ci is readily soluble in absolute ethyl alco- 
hol, ethyl ether, acetone, chloroform, and carbon bisulfide. Chlorophyll b 
is soluble in the same reagents, although generally less so. Chlorophyll 
a is blue-green in solution, and blue-black in the solid state; chloiophyll b 
is almost pure green in solution, and greenish-black in the solid state. 

All of the chlorophylls possess the property of fluorescence. This term 
refers to the peculiar property possessed by certain substances when 
illuminated of re-radiating light of wave lengths other than those absorbed 
by the substance. Usually the radiated light (fluorescent light) is longer 
in wave length than the incident light. Chlorophyll a in ethyl alcoholic 
solution exhibits a deep blood red fluorescence, best seen by viewing the 
solution in reflected light. Similar solutions of chlorophyll b exhibit a 
brownish-red fluorescence. Chlorophyll in living cells also exhibits fluo- 
rescence (Stern, 1920; Lloyd, 19241. 

The Chemistry of the Chlorophylls. — Willstatter and his associates have 
isolated chlorophylls a and b in pure form from over two hundred differ- 
ent species of higher plants and found them to be identical in chemical 
composition. They also succeeded in determining the molecular formulas 
of these two chlorophylls. For chlorophyll a this is Cr.sHT-jOjNLMg; 
for chlorophyll b it is C.^tHToO^N^Mg. 

Each chlorophyll yields a separate series of degradation products, but 
one of the products derived from both after mild hydrolysis is an unsat- 
urated primary alcohol which is called phijtol (C-^oHsoOH). Splitting 
of the phytol group from the chlorophyll molecule can also be accom- 
plished by the enzyme chlorophyllase, which occurs in leaves. Phytol 
makes up about one-third of the chlorophyll molecule. It has a strong 
affinity for oxygen and may be responsible for the reducing action of 
chlorophyll. 

When ashed pure chlorophyll leaves a residue composed solely of 
magnesium oxide. Although iron and other minerals seem essential for 
the formation of chlorophyll in living cells, magnesium is the only metallic 
constituent of the chlorophyll molecule. 

From the results of the intensive study of the chemistry of the degra- 
dation products of chlorophyll the probable structural formulas of both 
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chlorophyll a and chlorophyll b (Fig. 88) have been determined (Fischer 
and Wendcroth, 1939). 

As shown in Fig. 88 the nucleus of a molecule of chlorophyll a consists 
of a complex ring structure composed principally of four pyrrol nuclei 
linked together l)y intermediate atomic groupings. Each such ring bears 

side chains, the most prominent of 
which is the phytyl (C20H30O — ) 
grouping which upon hydrolysis 
gives rise to phytol. 

Absorption Spectra of the Chlo- 
rophylls. — When a colored solution 
such as an ether solution of a 
chlorophyll is interposed between 
a source of “white light'" and a 
spectroscope, it can readily be 
shown that certain wave lengths 
of light are much more completely 
absorbed than others. The regions 
of the spectrum in which complete 
or nearly complete absorption 
takes place appear as dark bands. 
Chlorophylls a and b both show a 
definite and characteristic absorp- 
tion spcctnim when in solution. 
The exact appearance of such ab- 
sorption spectra will vary, how- 
ever, depending upon the kind of 
solvent and the concentration and 
thickness of the layer of solution 
which is examined. Absorption 
curves for chlorophyll a and b in 
other solution as determined by photoelectric measurements are shown in 
Fig. 89. Both chlorophylls exhibit maximum absorption in the blue-violet 

region and a secondary maximum in the short red. 

As a rule the absorption spectrum of a leaf does not correspond very 
closely with the spectrum of a solution of the pigments from that sarne 
leaf. In general there is relatively more absorption of light by leaves m 
those spectral regions where absorption by solutions is low, and a re 
atively less absorption of light by leaves in those spectral regions w ere 
absorption by solutions is high (Fig. 97). Some of the principal reasons 
for this are: (1) the pigment in the leaf is not continuous, but locate^ 
only in the plastids; hence some light may pass through the leaf 
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Fio. 88. Structural formula of chloro- 
I)hy]l a (Fischer and Wenderoth, 1939). 
Another arrangement of the double 
bonds in this formula is possible. The 
formula for chlorophyll b is the same, 
except that a IIC=0 group occurs in 
jilace of the CIb group enclosed in the 

dotted circle. 
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traversing any pigment; (2) actual or apparent absorption, the latter a 
result of scattering of light within the leaf, by the nonpigmented parts 
of cells affects the overall absorption of light hy the leaf; and (3) the 
concentration of the pigment in the leaf is usually different from its 
concentration in extracts; as a result specific absorption values of pig- 
ments in the leaf are different from those in a solution. 



Fig. 89. Absorption spectra of chlorophylls a and b in ether solution. Data of 

Zscheile and Comar (1941). 

Physicochemical State of the Chlorophylls in the Chloroplasts.— Although 
the extensive investigations of extracts of chlorophylls in organic sol- 
vents have advanced our knowledge of their physical and chemical prop- 
erties, it should be remembered that these are only extracts and the phys- 
icochemical state of the chlorophylls in them bears little or no relation 
to its condition in the chloroplasts. One necessary step in learning how 
the chlorophylls of living cells operate will be to discover how they are 
1 elated physically and chemically to the other constituents of the chloro- 
plasts. Any acceptable picture of the physicochemical relationships of 
the chlorophylls within the chloroplasts must also be reconcilable with 
the known structural arrangement of the chlorophylls in the grana 
of the chloroplasts (Chap. IV). 
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A nunil)er of investigators (Lubimenko, 1926, 1927, 1928; Price and 
N\ycofT, 1941; 1941; Anson, 1941; and others) have shown that 

gioen, opalescent, aciueous extracts can be prepared from the leaves of 
many species hy grinding them with sand in water or solutions and clari- 
ying by filtration, jweeipitation, or centrifugation. Those extracts possess 
many of the proi)erties of protein sols or suspensions and the chlorophyll 
molecules seem to be definitely associated with the protein micelles or 
particles. These results have led to the iiostulation of the existence of a 
chlorophyll-protein compound of constant composition in plants, anal- 
ogous to the hemoglobin (hemin jilus globin, a protein) of the blood. 
Although results of these experiments indicate that some sort of an 
association of chlorophylls with proteins in the chloroplasts is highly 
piobablc, there aie strong reasons for doubting that this association takes 

the form of a piotein-chlorophyll compound in the sliictly chemical 
sense. 

Actual chemical analyses of the chloroplasf substance have been made 
l)y Chibnall (1939), Menke (1940). fJranick (1938), Comar (1942). 
and others. The protein content of the chloroj)last material from several 
species has been found to lie within a range of 35 to 55 per cent, and the 
lipid content within a range of 18 to 32 j)er cent on the dry weight basis 
(chloroplasts are probably about 50 j)er cent watei). In the leaf colls of 
s])inach most of the lij)ids j)rcs(‘nt aic constituents of the chloroplasts. 

In such chemical analyses the chloroi)hyll 3 aiul carotenoids (see later) 
constitute a part of the li])id fraction, about 5-10 per cent of which is 
chlorophylls and 2-4 per cent carotenoids. The relatively large quantity 
of lipids in the chloroplasts suggests that the pigments commonly present 
in some manner may be associated with lipids as well as with proteins. 
The physicochemical i)roperties of the lipids arc such that it seems more 
l)robablc that any association between them and the chloroi)hylIs or ca- 
rotenoirls is of a j)hysical rather than a chemical nature. 

Chlorophyll Synthesis. — Chlorophylls, in common with practically all 
the other organic substances whicli occur in jilants, are products of the 
synthetic acti\'ities of the plant. A number of conditions are known to 
be necessaiy for, oi' at least to influence greatly, the synthesis of chlo- 
rophylls in ))lants. Absence of any one of these factors will inhibit chlo- 
rophyll synthesis resulting in the condition often called chlorosis. This 
term is most frequently applied when the failure of chlorophylls to 
de^■elop is the result of a deficiency of one of the essential mineral ele- 
ments. Different types of chlorosis may develop in the leaves of any 
species depending upon the factor limiting chlorophyll formation. The 
following fliseussion of the factors influencing chlorophyll synthesis re- 
fers primarily to the formation of chlorophylls a and b in the higher plants. 
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1. Genetic Factors . — That certain genetic factors arc necessary for 
the development of chlorophylls is shown by the behavior of some vari- 
eties of maize in which a certain proportion of the seedlings produced 
cannot synthesize chlorophylls, even if all environmental conditions are 
favorable for their formatioTi. As soon as the food stored in the grain 
is exhausted such “albino” scedimgs die. This trait is inherited in such 
strains of maize as a ^lendelian recessive and hence is ajtjtarent only in 
plants homozygous for this factor. More or less similar genetic eft'ects 
on chlorophyll synthesis have l)een demonstrated in a number of other 
species. 



lie. on. liel.itivo effeetivt lu'ss u! dinVicnt \\:\\v Icii^nhs in ilie hinni^tinn 

ehl()roi)hvll. Data of Frank 
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2- Light . — Liglit is usually necessary for the development of chlo- 
rophyll in the angiosperms. In the algae, mosses, ferns, and conifers, how- 
ever, chlorophyll synthesis can occur in the dark as well as in the light, 
although the quantity produced is often less in the absence of light than 
in its presence. In a few angiosperms such as seedlings of the water lotus 
(N elumbo) j and in the cotyledons of citrus embryos chlorophylls can also 
develop in the absence of light. 

Relatively low intensities of light are generally effective in inducing 
chlorophyll synthesis in those species in which light is required for this 
process. All w^ave lengths of the visible spectrum will, if their energy value 
is adequate, cause chlorophyll development in etiolated seedlings (chlo- 
rophyll-free seedlings which have been grown in the dark) except those 
longer than 680 thfjL (Sayre, 1928). For equal irradiances, a narrow band 
of wave lengths in the blue at about 445 m\L is most effective in induc- 
ing chlorophyll formation in oat seedlings, a broader wave band in the 
orange red (about 620-660 m[i) being next most effective (Fig. 90). 

Like other complex compounds synthesized in plants, chlorophyll un- 
doubtedly represents the terminal product of a long chain of reactions. 
Most of the steps in this sequence of reactions are unknown, but the 
evidence regarding the final step in chlorophyll synthesis seems clear. 
Dark-grown seedlings of higher plants are usually yellow in color, but 
actually contain traces of a green pigment, called protochlorophylL 
Chemically this compound is closely related to the other chlorophylls, 
differing from chlorophyll a only in having two less hydrogen atoms 
in the molecule. There is good evidence that protochlorophyll is the 
immediate precursor of chlorophyll a (Smith, 1948). Reduction of proto- 
chlorophyll to chlorophyll a appears to be the last step in the synthesis 
of this latter compound. In the higher plants, at least, this reaction occurs 
only in the light, and the protochlorophyll is the light-absorbing agent 
for its own transformation to chlorophyll a (Koski, et al.^ 1951). 

If a solution of chlorophyll in an organic solvent is exposed to bright 
light its color soon fades because of a destructive effect of light upon 
the chlorophyll. This is in all probability a photo-oxidation process, since 


it is accomplished by the absorption of oxygen. 

Strong light also brings about the disintegration of the chlorophylls 
in leaves, although at a less rapid rate than in chlorophyll solutions {cf. 
discussion of photo-oxidation in Chap. XIX). In leaves exposed to intense 
light, therefore, synthesis and decomposition of chlorophylls are probably 
going on simultaneously. In accord with this concept are the results o 
Shirley (1929) who found in a number of species of plants that the 
chlorophyll content per unit leaf weight or per unit leaf area increase 
with decreasing light intensity until a relatively low intensity was reache 
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Further decrease in light intensity below this value caused a decrease in 
chlorophyll content. 

3. Oxygen . — In the absence of oxygen etiolated seedlings fail to develop 
chlorophylls even when illuminated under conditions other\\'ise favorable 
for chlorophyll formation. Oxygen must therefore be required in some 
of the steps in the sequence of reactions whereby chlorophyll is syn- 
thesized. 

4. Carbohydrates . — Etiolated leaves which have been depleted of 
soluble carbohydrates fail to turn green even when all of the other con- 
ditions to which they are exposed favor chlorophyll synthesis. When 
such leaves are floated on a sugar solution, sugar is absorbed and chlo- 
rophyll formation occurs rapidly. A supply of carbohydrate foods is 
therefore essential for the formation of chlorophyll. 

5. Nitrogen . — Since nitrogen is a part of chlorophyll molecules it is 
not surprising to find that a deficiency of this element in the plant 
retards chlorophyll formation. Failure of chlorophylls to develop is one 
of the commonly recognized symptoms of nitrogen deficiency in plants. 

6. Magnesium . — Like nitrogen this element is also a part of chlorophyll 
molecules. Deficiency of magnesium in ])lants results in the development 
of a characteristic mottled chlorosis of the older leaves (Chap. XXV). 

7. Iron . — In the absence of iron in an available form green plants are 
unable to synthesize chlorophylls and the leaves soon become blanched 
or yellow in color (Chap. XXV). While not a constituent of chlorophyll 
molecules, iron is essential for its synthesis. 

8. Other Mineral Elements . — In the absence of manganese, copper, or 
zinc, more or less characteristic chloroses develop in plants (Chap. XXV). 
These substances apparently play at least indirect roles in the synthesis 
of chlorophyll. 

9. Temperature . — In general, chlorophyll synthesis can occur over 
a wide range of temperatures. In etiolated wheat plants synthesis of 
chlorophylls occurs at any temperature within the range 3°-48°C., but 
is most rapid between 26° and 30°C. (Lubimenko and Hubbenet, 1932). 
Somewhat similar results have been obtained by Larsen (1950) on chlo- 
rophyll synthesis in potato tubers except that synthesis appears to be 
most rapid in the approximate range 11°-19°C. The range of temperatures 
over which chlorophyll, synthesis occurs as. well as the temperature of 

most rapid synthesis undoubtedly varies considerably from one species 
to another. 

10. Water. Desiccation of leaf tissues not only inhibits synthesis 

of chlorophylls but seems to accelerate disintegration of the chlorophylls 

already present. A familiar example of this effect is the browning of grass 
during droughts. 
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The niechanisin of chlorophyll syntlicsis is very sensitive to any type 
of physiological disturbance within the* ])lant. Many other conditions be- 
sides those already discussed, such as lack of certain other mineral ele- 
ments, deficient aeration of the roots, infestations of insects, or infection 
with bacterial, fungous or viral diseases, may induce, directly or indi- 
rectly, |)artial or complete chlorosis of the leaves. The failure of chloro- 
phyll synthesis to take place normally is often one of the first observable 
symptoms of almost any derangement in the metabolic conditions within 
a plant. 

The Carotenoids. — This group of orange, red, yellow, and brownish pig- 
ments includes a number of chloroplast pigments. At least sixty different 
carotenoids are known to be present in plants. Best known of the pig- 
ments in this group is the orange-yellow carotene. This is a hydrocarbon 
with the formula C.joHr,G and exists in three isomeric forms, ^-carotene is 
the most abundant of these in plants, and appears to be invariably 
present in the chloroplasts. This compound is the precursor of vitamin A 
(Chap. XXVIII), which is formed in the animal body by a simple hydro- 
lytic splitting of the molecules of |i-carotene, as follows: 

C10II56 T 2 H2O — ^ 2 C2oIl29f^hI 

Lycopene, a red pigment found in the fruits of tomato, red j^^^ppers, roses, 
and other species, is also isomeric with carotene. 

The xanthophylls or enrotenoh are mostly yellow or brownish pig- 
ments, many, but not all, of which have molecular formula C 4 oH 5 r> 02 . 
Chemically the carotenols are closely related to carotene, and undoubt- 
edly transformations from one kind of carotenoid to another occur read- 
ily in plants. 

Luteol is by far the most abundant carotenol in leaves (Strain, 1938) , 
other leaf xanthophylls include zeaxanthol, violaxanthol, cryptoxanthol, 
flavoxanthol, and neoxanthin. 

Numerous other xanthophylls occur in the various phyla of algae. 
Among the most abundant of these pigments are the fucoxanthins which 
impart to brown algae their distinctive color. Several brownish carotenols 
are also present in the diatoms, including fucoxanthins, diatoxanthm, 
and diadinoxanthin. 

The carotenoids are not water soluble, but they can be extracted from 
plant tissues by use of suitable organic solvents. Carotene, for example, 
is soluble in ethyl ether, chloroform, and carbon bisulfide. Leaf xantho- 
phylls are soluble in chloroform and ethyl alcohol, but only slightly so - 
uble in carbon bisulfide. 

All of the carotenoids are highly unsaturated compounds, and hence 
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readily oxiclizable. Loss of a considerable proportion of the carotenoids 
present in a plant tissue may be occasioned by oxidation during extrac- 
tion procedures. 

As shown by its absorption spectrum (Fig. 91), ^.-carotene absorbs 
only wave lengths in the blue-violet portion of the visible spectrum. 
The absorption spectra of other carotenoids are similar to that of caro- 
tene. 

Most, if not all, of the carotenoid pigments can he synthesized l)y 
plants in the absence of light. 



Fio. 91. Absorption spectrum of ^-carotene in ethcr-aicohol solution Data of 

Miller et al. (1935). 


Relative Quantities of the Chloroplast Pigments Present in Green Leaves. 

—Data regarding the molecular proportions of the chloroplast pigments 
m the leaves of several species are presented in Table 23. The leaves 
listed m this table contain about three molecules of the chlorophylls to 
one molecu c of the carotenoids, about three molecules of chlorophyll n 
to each molecule of chlorophyll b, and about two molecules of xantho- 
Phylls to each molecule of carotene. Although these values can be taken 
as representative, considerable variation in the proportions of the chloro- 

mrlnfT' differences in genetic factors, envi- 

ronmental conditions, and the age of the leaf. As shown in Table 23, with 

autumn there is a marked increase in the 
proportion of carotenoids to chlorophylls a.-^ a result of the disintegration 
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of the chlorophylls. The proportion of chlorphyll a to 6 in leaves may 
vary considerably depending upon the light intensity to which the leaves 
have been exposed. Willstatter and Stoll (1928) and others, for example, 
have shown that the proportion of chlorophyll 6 to a is higher in shade 
leaves of many species than in sun leaves of the same species. As an 
example of genetic differences in the pigment content of leaves, results 
obtained with dark and burley varieties of tobacco may be taken as 
illustrative (Griffith et a/., 1944). Although the ratio of chlorophyll a to 6 
was virtually the same in all varieties studied the total chlorophyll 
content per gram of dry weight was, on the average, more than 50 per 
cent greater in the dark varieties than in the burley varieties. Carotene 
content of the dark varieties was also appreciably higher than in the 
burley varieties. 


TABLE 23 — MOLECULAR PROPORTIONS OF THE CHLOROPLAST PIGMENTS PRESENT IN LEAVES 

AT DIFFERENT SEASONS (dATA OF WILLSTATTER AND STOLL, I9I8). 




i 

1 

Molecular proportions 

Species 


Date 

Appearance 

f I 



Chlorophyll 


of leaves 

Chlorophyll a 

Carotene 

a and b 




Chlorophyll b \ 

Xanthophylls 

Carotene and 
Xanthophylls 

European Elder I 
{Sambucus ^ 
nigra) J 

ljuly 
(Oct. 21 

Green 

Green 

2.74 

2.61 

0.59 

0.60 

3-33 

3*5 

Sunflower 1 


fOct. 7 

Green 

2.86 

0.54 

3.66 

{Helianthus \ 


1 Nov. 5 

Yellow green 

4.01 

0.26 

' 1.27 

annuus) J 


[Nov, 5 

Yellow 

4-95 

0.17 

0.32 

Horse Chestnut] 
{Aesculus hip- > 
pocastanum) J 

1 Oct. 24 

1 Oct. 24 

Green 

Yellow green 

4-^3 

4-^3 

0.47 

0.20 

2.06 

0.81 
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XVIII 

• PHOTOSyNTHESIS 



The- biological world, will, only negligible eaceplions, runs at the ex 
penbc of the material and energy capital accumulated as a result of photo 
synthesis, a process winch occurs only in chlorophyllous (green) plants 

dirot::-";. I 'aTbin,:-#. 

otherwise essential to their existence f +k ' 

animals or non-green plants after fKe , '''' 

ture of plant and animal bodies derive from the h t 

but the energy expended in the operatiL oHiv n P^°*°^^y"‘hetic capital, 

from this source Plants and anim i organisms also derives 

releascxl as a resuh o the oxTdS ‘ol' 3““”*' a “ 

processes, growth, loc„„.oti“ o.ht tavT Tb ^ T''*'’'’”' 

sunlight which was orfgiL'y enSped 

compounds during photosynthesis. molecules of organic 

or indirectly as a coLeJuLcrof” ph t o*''gmates directly 

and gas from past geologfcal a^’ Th 

the remains of living organisms^and derive from 

The energy released from them i,n P^iofosynthetic capital. 

Pon combustion represents sunlight 
309 
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of past geological ages which was captured and converted into chemical 
energy by the photosynthesis of plants w^hich flourished during geological 
epochs long antedating the advent of man. 

Man^s stake in photosynthesis is thus even greater than that of an/ 
other living organism. Not only is he, like plants and all other animals, 
dependent for his very existence upon this process, but he is also indebtc . 
to it for many of the goods and most of the energy which contribute to 
maintenance of his standard of living above a mere subsistence level. 

The average human being in the United States consumes foods with 
an energy value of about 3000 kg. -cal. per day. Many of the human inhab- 
itants of this globe are not this fortunate, and substantial numbers 
exist more or less constantly on the verge of starvation. Intensifying the | 
problem of maintaining adequate food supplies for mankind is the never- 
ending increase in the total human population of the earth. The demand 
of men for more food is not likely to diminish in the foreseeable future. 
There is no substitute for photosynthesis as the ultimate source of all 

human food. ^ ^ 

Advanced industrial civilizations, such as those of North America anc 

Europe, are dependent for their maintenance upon the continuous and 
lavish expenditure of energy. The indirect per capita consumption o 
energy per day for each inhabitant of the United States about 147, OOC 
kg. -cal. — is vastly greater than that used directly as foods. This is t ' ^ 

energy which is used for heat and power in industry, for turning t ^ 
wheels of trains and automobiles, and for the generation of electnci.: 

The great bulk of this energy comes from the combustion of coal, oil, an 
gas. The only important nonphotosynthetic source of energy is wait. | 


power. . , . 

Man’s need to augment power resources is not as pressing as is 

to increase food supplies. The reservoir of fossil fuels, on w ic 

wheels of our civilization turn, will not be depleted in the ne y 

nor even in the next century. But the veins of coal and the poo ® ^ 

beneath the earth’s surface are not inexhaustible. Sooner 

problem of replacement sources for these fuels will confront e 

race. Some foresight in meeting this ultimate problem wou e 

insurance against the inevitable. xu, 

Spectacular hopes have been expressed that the future wi . 

harnessing of atomic energy for peaceful purposes, an un ^ 
this imagination-challenging possibility exists. But atomic ener^ 
of heat and power will be developed slowly, and there is as y 
tainty that they can supplant fuels as a major source of 
solely on atomic energy as our future source of heat and p 
be premature in the present state of knowledge. 
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. On this sun-drenched planet solar radiation would seem to be the 
most promising source to which to turn for additional energy Partic- 
ularly does this seem to be true when it is realized that the efficiency 
of photosynthesis is very low. The proportion of the total solar energy 
jailing on the earth’s surface which is converted into chemical energy 
by green plants is of the order of a few tenths of one per cent (see further 
discussion later in this chapter). For well-recognized thermodynamic 
reasons it is improbable that man will ever be able to harness any major 
fraction of the solar radiation intercepted by the earth, but there is no 

doubt that some increase could be made in the proportion of this solar 
energy which can be diverted to human use. 

One major possibility is that of an increase in the total annual photo- 
, synthetic production. In this connection a digression should be made 
to point ouyhat the currently available photosynthetic product is by 
no naeans fully exploited by man as a source of energy. A larger supply of 
available foods and fuels can be achieved by a more efficient utilization 
.of the present annual photosynthetic output, but measures designed to 
accomplish this objective should not be confused with procedures which 

^'nt^hatT increase the total annual production of photo- 

There are a number of possible ways of utilizing the present organic 
material output of photosynthesis more efficiently. One would be the 
6onversion of inedible products such as wood and straw into foods Tech- 

M ® obtaining large yields of sugars from such plant 

\ Carbohydrate foods obtained in this way could be used, either directly 

Vocedure would be to convert such plant materials into alcohol— also a 
.echnologically feasible procedure— which could then be used as fuel 

^ \nother v ay of increasing available foods would be by making a greater 
use of aquatic plants which constitute the least tapped of all photosvn 
thetic resources. Still another method of achieving a more complete util 

4™: :rb7r.;„' 

^ The primary goal, however, should be an increase in the tnt«l , 

■production „t photosynthnto. Some cnh.ncement in' the „v ral effilrv 

^ricuLrir :„r“,lttlrmolZT„? oir'”"” 4 "'“f ■ 

only 0.0. per cent in the tot., r.diant e-ni'^ ”n' -Z.rrnd 
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\ erted into chemical energy in photosynthesis would increase enormously 
the food resources of the world. Proposals have also been made that 
commercial-scale artificial culture of Chlorella or other unicellular algae 
in solution be undertaken as an additional source of basic foods. Pre- 
liminary'’ experiments indicate at least a possibility that this somewhat 
revolutionary approach to the problem of food production may be 
feasible. 

A second major possibility of channeling more solar energy to human 
use is that of its direct conversion to usable energy without the inter- 
mediation of the green plant. This dream has long been entertained, 
and many schemes for its realization have been elaborated. Of various 
] proposals which have been made the most promising appears to be the 
development of some sort of an artificial photosynthetic mechanism. A 
thorough understanding of photosynthesis as it occurs in the green plant 
— the only known mechanism of this kind — should yield clues as to hov^ 
analogous mechanisms might be devised and operated to convert now 
wasted radiant energy of sunlight into chemical energy which can be 
used by man. 

The key to further progress in adding to the food or energy resources 
of man clearly lies in a thorough understanding of the mechanism of the 
one known effective radiant energy converter — the chlorophyllous plant 
cell. This is true whether progress is to be made by a more efficient util- 
ization of the green plant itself as an energy converter, or by the develop- 
ment of artificial photosynthetic systems which circumvent the plant. 

Photosynthesis os a Process. — The process in which certain carbohy- 
drates are synthesized from carbon dioxide and water by chlorophyllous 
cells^^ifT the presence of light, oxygen being a by-product, is generally 
C^JrtTcd photosynthesis. On the continent of Europe and to a lesser extent 
in Great Britain, the terms carbon assimilation and assimilation are o^^|^ 
used to designate this process. The common use of the word “assimilation 
to denote the process in which foods are incorporated into the structures 
of the plant body (Chap. XXIX) makes the employment of this term 
or carbon assimilation as a synonym for photosynthesis undesirable. 

The summary equation representing the process of photosynthesis is 
conventionally written as follows: 

673 kg. - cal. of 

6 CO 2 + 6 HP - CeHizOg + 6 Og 

chlorophyllous cells 

1 

It should be clearly understood that this equation does not 
indicate the mechanism of the process, but is merely a statement o 
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net exchanges which occur in the shorthand of chemical symbols. As 
usually written, a hexose sugar is designated as the carbohydrate fonned 
in photosynthesis, but this is by no means certain. The question of the 
actual first products of jihotosynthesis will be di.scussed later. The value 
073 kg.-cal. is, strictly speaking, correct only for gluco.se; the energy 
requirement of the reaction is approximately the same, per CHiO group, 

however, for the synthesis of any of the hexoses, or for any disaccharide 
or polysaccharide derived from hexoses. 


Leaf Anatomy in Relation to Photosynthesis.— In the vascular plants 
photosynthesis occurs chiefly in the leaves, which in the majority of 
species are thin, expanded organs possessing a large external surface in 
proportion to their volume. This type of structure permits the display 
of a large number of chloroplast-containing cells to light in proportion 
to the volume of the leaf. The labyrinth of intercellufar air passages 
in the interior of the leaf is so extensive that practically every green 
cell is in contact with the internal atmosphere of the leaf. As a result 
of this loose cellular structure the internal leaf surface (surface of the 
leaf cells in contact with the intercellular spaces) is much greater than 
the surface of the epidermal cells exposed to the outside atmosphere 
In a hlac leaf, for example, the internal surface is about thirteen times 
as great as its external surface (Turrell, 1936). Most of the carbon 
dioxide absorbed by mesophyll cells passes into them from the inter- 
cellular spaces after first having diffused into the leaf through the sto- 
mates although substantial quantities of carbon dioxide arc absorbed 
directly by the epidermal cells of some species (Freeland, 1948) The 
presence of intercellular spaces in a leaf therefore provides a much more 
extensive carbon dioxide absorbing surface than if all of this gas were 
absorbed directly through the external leaf surfaces. Since the walls of 
all of the cells within a leaf are normally more or less saturated with 
water the vapor pressure of the internal air spaces is u.suallv higher 
than Uiat of the outside atmosphere. This makes it possible for the leaf 
cells to absorb atmospheric carbon dioxide without being exposed to 
the usually relatively dry external atmosphere. Whenever the Lmates 

SlMhat M ^he intercellular spaces is continuous 

with that of the outside atmosphere, and carbon dioxide can diffuse with 

httle impediment from the outside air into the intercellular spaces After 

passing m o solution m the water saturating the mesophyll cell walls part 

of the carbon dioxide reacts with water forming carbonic acid (H.CO 1 

Some of the carbon dioxide diffuses to the chloroolasts in thic f ^ 
some simply as dissolved carbon dioxide. 

geLtllylnsMeldTT’'"''’ru^ photosynthesis are 

generally considered to be carbohydrates and oxygen. Most of the latter 
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diffuses out of tlie cells in wliich it is set free and plays no further part 
in the metabolism of the plant. 8ome of the oxygen, however, may be 
chemically intercepted and utilized in respiration within the cells. The 
products of importance in plant nutrition are the energy-rich carbo- 
hydiatcs vhicli are built uji in the chloroplasts. 

diates coininonly appear in leaf cells during or 
immediately after jihotosynthesis. These are the hexoses, D-glucose and 
D fructose, the disaccliarifie sucrose, and the polysaccharide starch 
(( haj). XX I . Numerous attempts have been made to determine how 
many of these carboliydrates are direct products of photosynthesis and 
also which IS the “first” product in this process, but to date there is no 
entirely satisfactory answer to this question. It appears quite probable, 

in fact, that the |)roducts of ])hotosynthesis may differ somewhat from 
one photosynthetic tissue to anotlier. 

1 lie work of some investigators seems to indicate that the princijial leaf 
carbohydrates are formed sefiuentially in the order of their complex- 
ity. eevers (1924), lor examjile. showed that if geranium plants, the 
leaves of which had been depleted of sugars by keeping them in the dark, 
were allowed to photosynthesize for a very short period, only hexoses 
accumulated. A longer exposure was re(|uired for the appearance of su- 
crose, and a still longer one for the ajipearance of starch. 

On the other hand, a number of investigators have claimed that su- 
crose (Ci 2 HjjOn) is the first sugar to be formed in photosynthesis. The 
lact that the sucrose content of the leaves of a number of species in- 
creases during periods of active photosynthesis and -decreases rapidly 
upon the cessation of photosynthesis, while the hexose content of those 
same leaves remains much more nearly constant throughout the day 
(Parkin, 1912, and others), has been taken as evidence for this postu- 
lation. Further evidence that sucrose is probably the first free carbohy- 
drate to be formed in photosynthesis, at least in some species, is given 
later under the discussion of the carbon pathway in photosynthesis. 

Still different results were obtained by Smith (1944). He found that 
sucrose and starch arc formed simultaneously during photosynthesis in 
sunflower leaves, presumably from a common precursor, and also ob- 
tained evidence that most of the Iiexoscs present in the leaf cells arise 
from the digestion of sucrose (Chap. XX), rather than as direct products 
of photosynthesis. 

Both starch and sucrose serve principally as temporary storage car- 
bohydrates in mesophyll cells. Sucrose is readily translocated from the 
leaves as such. Starch, however, being insoluble, is immobile until digested 
to simpler, soluble carbohydrates which can move out of the mesophyll 
cells. 
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There is some eviclenee that other types of stable organic compounds 
may arise more or less directly in the photosyntlietic jirocess, at least 
under some conditions or in some species. Burst riiiii’s (1943) results with 
young, excised wheat leaves indicate that a direet reduction of nitrates 
resulting m the formation of amino aeids (Cliaj). XX VI) or related com- 
pound^ may occur as an integral part of iihotosynthcsis. Indications of 
a similar close relationship between nitrogen metabolism and iihotosyn- 
lesis has also been found in Chlorella (Myers, 1949). Evidence of an 
intermeshing of the processes of photosynthesis and amino acid synthesis 
a so comes from studies of the carbon pathway in jihotosynthesis as re- 
\caled by the use of radioactive isotopes, iliscussed later. 

Results indicating that amino acid synthesis occurs in voting leaves 
01 at least some species as an apparently integral part of i.iiotosvnthesis 
contiasts with the results of Smith (19431, who found an exact etiuiv- 
alencc between the quantity of carbon .lioxide photo.-vntliesized and the 
quantity of carbohydrates made in sunflower leatcs. It seems highlv 
probable that the course of photosynthesis is not exactly the same in all 
I lotosynthctic tissues. The procc.ss may follow a liifferent course in young 

even in the same species. 

•s hat starch accumulates in the ehloroplasts of manv species shortly if 
no immediately, after the onset of the process at any ippreciahle rate 
Although the possibility of the direet formation of starch in photosyn ’ 
the.s m some species cannot be excluded, in general starch synthetld 
I hotosjnthesis arc independent processes. Since starch is 1 i • 

the cells of non-green tissues or in the tissues of rnnf^ ’^'"^antlj in 

starch synthesis rvilftake phiee in Rire^M T'" 

on a sugar solution in tlJ i of green leaves floated 

occurs only in the presence of lieht Thotosynthesis 

the ehloroplasts. Starch svntl . ' ^ an , m the higher plants, only in 

probably as the product" of ot'Ioroplasts, most 

place in many non-gmen cells an7!n "f, T’ may take 

cells sjeci, 
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The critical concentration of simple sugars required for starch forma- 
tion in the leaves of many species is very low and has been reported to 
be less than 0.5 g. per 100 g. of fresh leaves in some species. In the meso- 
phyll cells of most species, therefore, starch formation in the leaves 
quickly follows photosynthesis, much of the sugar made in the latter 
process being converted into starch. Under conditions favorable to photo- 
synthesis the starch content of the leaves of most species usually in- 
creases during much of the daylight period. During the night hours the 
starch content of leaves usually decreases because of digestion of part 
or all of the starch back to glucose and translocation out of the cells 

in the form of this sugar or other soluble carbohydrates produced there- 
from. 

That starch synthesis is an entirely independent process from photo- 
synthesis is also indicated by the fact that this process does not occur in 
the mesophyll cells of a number of species of plants, yet photosynthesis 
takes place in these cells in the same manner as in all other green plants. 
Failure of the leaves to synthesize starch is a characteristic feature of 
the metabolism of many species of the Liliaceae, Amaryllidaceae, Gen- 
tianaceae, Compositae, and Umljelliferae. 

Similarly the non-green portions of at least some kinds of variegated 
leaves do not nonnally synthesize starch. However, if the sugar concen- 
tration within the chlorof)hyll-free cells is artificially increased by float- 
ing such leaves on glucose solutions, starch synthesis can be induced. 

For the leaves of the variegated geranium a glucose solution of about 0.5 
M concentration has been found to be optimum for the induction of 
starch synthesis in the non-green portions (Chapman and Camp, 1932). 

The chemical mechanism of starch synthesis is discussed in Chap. XX. 

The Measurement of Photosynthesis. — Measurements of photosynthesis 
are complicated by the fact that certain other processes involving the Ui 
same materials are proceeding in the cells at the same time. The process 
of respiration is continually in progress in all cells, resulting in an 
oxidation of part of the carbohydrates synthesized in photosynthesis. 

This introduces an error which is inherent in all methods of measuring 
photosynthesis. Determinations of the quantity of photosynthate formed 
in a given time are always less than the true value by the amount of 
carbohydrate which has been consumed in respiration. In many measure- 
ments of photosynthesis the simultaneous occurrence of respiration is 
disregarded, and the results obtained are designated as the apparent or 
net photosynthetic rate, or, in other words, as the rate of photosynthesis 
minus the rate of respiration. Since in rapidly photosynthesizing tissues 
the rate of photosynthesis is often ten to twenty times as great as the 
rate of respiration, the apparent photosynthetic rate is often not greatly 
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less than the true rate. For many purposes mea.-urements of the rate of 

apparent photosynthesis have as great or greater significance as deter- 

mina ions of ^le “true” rate. Values for the actual -ate of photosynthesis 
are obtained by correcting appar- - 

ent rates for the quantity of car- 
bohydrates consumed in respira- 
tion during the period of the 
measurement. The values used for 
such corrections are obtained by 
measuring the respiration rate of 
the same plant or organ when 
treated so that photosynthesis 
cannot occur — as, for example, by 
subjection to complete darkness. 

Quantitative measurements of 
photosynthesis in terrestrial plants 
are usually based on determina- 
. ^ns of the rate of oxygen evolu- 
-ion I’ate of c arbon dioxide 
c ^sumption. The plantTi^r parts' 
of plants are enclosed in trans- 
parent chambers, or leaf cups 
(Chap. IX) are attached to the 
leaves. Outside air is passed 
through the chambers or leaf cups 
at a relatively rapid rate. The air 
is collected upon emergence from 
the chamber and analyzed for 
oxygen, or carbon dioxide, or both. 

Another procedure is to analyze 
small samples of the air for these 
gases at frequent intervals. By a 
comparison of the results of these 
analyses with similar analyses of 
the outside atmosphere, the rate 
of carbon dioxide consumption or 
oxygen evolution can be com- 
puted, either of whiCh will serve 
as an index of the rate of appar- 

^t photosynthesis (Heinicke and 

""d Hill, 

1937)yrhe rate of carbon dioxide 



^ 10 . 92 . Warburg manometer, 

- mnt view Itig iiL^ sule view, 

JJ^ hed u WtTis inimerspH~Tir~7; a 

S In th"’ • temperature 

oath. In the simplest applieation of this ^ 

wnth°e^- measurement of photo- 

a h' tissue are suspended in k 

C?' f tee - in Ihe fask, .,nH th. ! 
rate_of_ 0„ evolution , mel^iTTTi l 

met rically, taken .a s_the_index of the r.atp 

apparent ph^m^^:;^Th^;irT^e sa^ 

I pe ol apparatus is also widely used for 
the measurement of the ra'es of respira- 
tion as indicated by the rate of O, con- 
sumpiion. Redrawn from Di.xon (1943). 
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consumption, under field conditions favorable for photosynthesis, is usu- 
ally betAvccn 10 and 20 mg. C(\ per dm.^ of leaf area per hr. 

Many of the most fundamental investigations of photosynthetic rates 
ha'vc been made by very sensitive manometric techniques which are in- 
trinsically limited in their application to determinations of photosynthesis 
in small units of plant tissue. Manometric methods of measuring photo- 
s^nthe;'is have been used most widely with suspensions of algae such as 
Chlorclln. Tn these techniriues the rate of oxygen evolution, or carbon 
dioxide consumption, or boYli, are measured by pressure changes in a 
closed system in which the photosynthesizing tissue is enclosed (Fig. 92). 
Detailed dc'seriptions of the various manometric techniques are given by 
Di^n (1943) and Umbreit ct al (1949). 

The simi)lest method of making rough quantitative measurements of 
tlic rate ot photosynthesis in terrestrial plants is to determine the in- 
crease in the rlry weight of leaves during a given interval of time. One 
method of procedure is as follows: a representative sample of disks, 
usually 100 or more, is cut from the leaves by means of a cork borer at 
the beginning of the f)eriorl for which the determination is to be made. 
These disks are transferred to an oven and dried to constant weight. At 
the enfi of a chosen period of time, the plant having been meanwhile ex- 
posed to the desirc'd environmental conditions, a second sample consisting 


of tlie same number of disks as the first is cut from the leaves. Various 
precautions must be taken to insure the two samples being as nearly com- 
jiarable as pnssililc. The dry weight of the second sample of disks is also 
determinofl. Any gain in dry weight is considered to represent carbohy- 
drates which have accumulated in the leaves as a result of photo.synthesis. 
This method is sul)jcct to several serious errors (Thoday, 1909) anrl yields 
only afjproximatc results. The gain in drj" weight of leaves under condi- 
tions favorable for jihotosynt hesis is usually between 0.5 and 2.0 g. per 
square uK'tcr per hour. The "'twin leaf” method described by Denny 
(1930) is a variation of this methocLj;?^^;;!^ \ 

The Use of Isotopes as Tracers^"^ Physih|p§ftSl Investigations. — The 
atoms of most chemical elements exist in more than one variety. Each 
kind of a given element has a different atomic weight, but all of tlicin 
carry the same nuclear charge. For example, there are three different 
kinds of magnesium atoms with atomic weights of 24, 25, and 26, respec- 
tively. Such different varieties of atoms of a given element arc called 
isotopes. Differences in the chemical behavior of two isotopes of the same 
element arc so slight as to he barely detectable, and ordinarily they can- 
not he separated by chemical methods. The chemical properties of all 
isotopes of a given clement arc virtually identical, because all have the 
same electron configuration; one isotope differs from another only in the 
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constitution of the atomic nucleus which is comimscd of protons and 
neutrons. 

In addition to the stable isotopes described above there arc many radio- 
active isotopes of various elements. Radioactive isotojw.s of certain heavv 
elements such as uranium and radium occur in nature. The atoms of mauv 
elements not normally radioactive may be made so by bombardment 
with various types of elementary particles such as neutrons, ].rotons 
deuterons, and alpha particles. Such honihardincnts arc usually accoin- 
phshed with the aid of a cyclotron or an uranium pile reactor. 

Atoms of all radioactive elements gradually disintegrate, emitting 
charged particles and radiations in the process. For the artificially radio- 
active elements which are of greatest significance in biological .sciences 
the charged particles emitted are electrons and jmsitrons. As a result cf 
the loss of particles and radiations by radioactive isotojics one element 
is transmuted into another. Radioactive Na^^, for exainjile, with the lo'^s 
of an electron, is converted into the stable naturally occurring AIg=< 
isotope The half-life of a radioactive isotope is the length of time re- 

to be converted into 

the kind of atom into which it is degraded. The half-lives of radioactive 
isotopes range from less than a second to many hundreds of vears 

1 he situation with regard to isotopes is well illustrated by the bio- 
logica ly important element carbon. Naturally occurring carbon consists 
almost entirely of the stable isotope. The isotope is also stable 
and occurs in traces in nature. The atomic weight of naturallv occurring 
carbon a l,ttle more than 12, because of the presence of a slight ad- 
m,x urc of tl.o C* botopo. In .ddiflon, three r.dionetive i.-otope 'n c 
made: C.«, w.t 1, a half-life „f 9 .ee., C'<, with a half-life of 21 
c , with a half-hfe of about 5000 years. ’ ^ 

A radioactive isotope betrays its presence wherever it mav be bv the 
continual emission of charged particles which can be detected with 
0 ec troscope or Geiger counter. Similarly, the presence of anv of t mrer 

e tr r.;: ir ™ 

molecules of any compound are tflirirprl K * ogra])h. Hence, if 

that are radioactive I'"” 

poasibic to traee suth molceules Ihrouah a av.tem' In ’ “ m'" 1'’"' " “ 

subsequent distribution through ^ • * * possible to follow their 

reaction, in wlheirZy Scilar?!,"'™"’" 

methods of chemical analysis horu u po>si})le I)y ordinary 

to distinguish between introduced m^r ? "lothods it i.s impossible 

which were already present in the o^rglnisT" 
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If a compound ^'ontuining tagged atoms is introduced through the roots 
of a plant, for exaini)le, subsequent distribution of the labeled atoms in 
the plant can be followed (Chap. XXVII). Furthermore, if tissues in 
which the labeled substance is found to be present — leaves, for example 
— are analyzed, the kinds of comi)ounds in which the tagged atoms are 
present at the end of tlie experiment can often be ascertained. It is in this 
latter manner that the steps in ir,etaI)olic reactions can often be followed. 

The availability of the rarer kinds of stable isotopes of some elements 
and of artificially made radioactive isotopes of others lias placed a new 
tool in the hands of investigators of the physiology of plants and animals. 
Some of the more widely used isotopes in plant research are the stable 
isotopes IP, 0’^, and N'"', and the radioactive isotopes 
K42^ C’^, C’"*, S**', and Ca^*'^. Many of these isotopes will be referred to in 
the following pages in connection with investigations in which they have 
been employed as tracers. For further information on this topic, such 
reference boqks as Kamen (1947) and Ilevesey (1948) should be con- 


sulted. 

The Mechanism of Photosynthesis. — From the standpoint of fundamental 
chemistry tlie overall process of photosynthesis is an oxidation-reduction 
reaction betwetm carbon flioxide and water. The carbon dioxide is reduced, 
and the water is oxidized largely as a result of a transfer of hydrogen 
atoms from water to carbon dioxide. Because this reaction occurs against 
tlie existing energy gradient, i e., the energy content of the products is 
greater tlian that of the initial reactants, energy must be supplied from 
an outside source. Since, in actuality, the external source of energy is 
light, the overall process is, in essence, a photochemical reduction of 
carbon dioxide. 

The summary chetnioal equation for photosyntiK'sis actually represents 
a complex of reactions. Althougli some progress lias been made in the 
direction of unraveling the various steps in this process, our knowledge of 

its mechanism is .still very fragmentary. 

Certain topics contributing to an understanding of the mechani.^m o 
photosynthesis have already been considered: tl) the structure of the 
chloroplasts (Chap. IV), (2) the physical and chemical properties of the 
chloroplast pigments, and (3) the products of photosynthesis. Other as 
pects of this prol>iem will nov' be discussed briefly under appropriate 
subheadings. For comprehensive reviews of this topic, sec Rahinowi 

(1945, 1951) and Franck and Loomis (1949). 

Role of the Chloroplast Pigments , — All of the chlorophylls appear o 
participate in photosynthesis in fundamentally the same ways. Their ro e 
appears to be twofold: (1) they absorb certain wave lengths o 
energy and either convert this energy into other ■w^a^'e lengths whic ar 
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used in photosynthesis, or else transfer the absorbed energy directly to 
compounds involved in the reaction; (2) they act in the capacity of a 
catalyst at some stage or stages of the photosynthetic process. The first 
of these roles is the more obvious of the two, since neither carbon dioxide 
nor water absorbs radiant energy in tlie visible range. It is essential, 
mrefore that the reaction be “sensitized” by a pigment. The further role 
ot the chlorophylls is a catalytic one. The chloroiihvll content of leaves 
shows no change during a period of photosynthesis, and the proportion 
of c ilorophyll a to chlorophyll b is just the same after a period of active 
photosynthesis as before. These facts indicate that no permanent destruc- 
tion or transformation of chlorophyll occurs during the jirocess and in- 

irectly, at least, support the concept that one of the roles of chlorophyll 
m photosynthesis is a catalytic one. 

pigments in the chloroplasts 
suggests very strongly that they also participate in photosynthesis, but 

proclsirtl the 

that it L ^ """I'- the other hand, 

in i 1 teas some of the light absorbed by certain carotenoid pigments 

^ighraWbe 1 photosynthesis. Similarly 

Lewis 19^1 Phycocyanin m some blue-green algae (Emerson and 
, and by phycobilins (phycocyanin and phycoerythrin) in 

“to af.lv 'rr"'' 

than chToronhvfl fh "tisorbers rather 

eo»pt;7hrct;tt?;;„rs£;‘ - 

chiorophyll solutions or dispersions or hv mlT 

have heen isolated from cells. The comnlefp chloroplasts which 

chlorophyll-containing cells indicating that ^^itact 

in. cel. system I.espf.s tire ctortorj “1 'etn'r '‘"m 1 "" 

essential for the occurrence of photosyntl.esis chloroplasts, are 

although no enzyme whklf irkn^wl'' tif b'^^^ ^ photosynthesis, 

termediation of enzymercols o b' ^he in- 

of photosynthesis and from the eff f ^ temperature behavior 

pounds on the process (Chap XIX) ' 
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Carbon Dioxide Absorbing Mechanism of Leaves, — Independently of 
])liotosynthesis, and j^rcliminary to its actual participation in the over- 
all mechanism of the process, carbon dioxide may be absorbed and accu- 
mulated in the cells of leaves and other plant organs in considerable 
quantities, rireen leaves can absorb much more carbon dioxide than can 
be accounted for by simple solution in the cell sap (Shafer, 1938; Smith, 
1940). This process is reversible and is not related to the presence of 
chlorophyll or the occurrence of photosynthesis because it occurs almost 
ef|ually well in non-green organs and in the dark. At least three mech- 
anisms of accumulation of carbon dioxide have been shown to operate in 
sunflower leaves: (1) solution in the cell sap, (2) reaction with soluble 
buffers, largely phosj)hates, and (3) reaction with insoluble carbonates, 
probably largely calcium carbonate (Smith and Cowie, 1941). Still an- 
other mechanism whereby cells accumulate carbon dioxide is described 
later in this chapter. 

The ^^LighV^ and ‘*Dark^* Reactions of Photosynthesis. — Over a tem- 
perature range of about ]0°-25°C., if light intensity and carbon dioxide 
concentration are relatively high, the Qu) (Chap. V) of photosynthesis is 
approximately two. Strictly chemical reactions characteristically have a 
of from two to three. This fact indicates that at least one of the reac- 
tions involved in photosynthesis is of a purely chemical type. Since this 
fact was first pointed out by Blackman, this reaction is often called the 
Blackman reaction. It is also frequently referred to as the dark reaction, 
since it docs not require light, and therefore may take place in either the 
light or the dark. It now seems certain that there is not just one, but 
several, “dark” reactions involved in photosynthesis. 

A chemical reaction which proceeds only at the expense of absorbed 
light is called a 'photochemical reaction. That photosynthesis involves 
such a reaction or reactions can be inferred from the fact ’that it occurs 
only in the light. The Qm of a photochemical reaction is approximately 
one. Under low light intensities, even with a relatively high carbon 
dioxide concentration and other conditions favorable for photosynthesis, 
the temperature coefficient of the process is about one, indicating that 
under such conditions the rate of photosynthesis is limited by a photo- 
chemical phase. 

That photosynthesis involves both photochemical and chemical reac- 
tions is also shown by the results of investigations in which plants are 
exposed to intermittent light. As shown by Emerson and Arnold (1932) , 
when cultures of the green alga Chlorella were exposed to the intermitten 
illumination at the rate of 50 flashes per second, the periods of illumina 
tion being much shorter (0.0034 sec.) than the intervening dark perio s 
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photosynthetic yield per imit of light was increased 
about 400 per cent as compared witli the rate in continuous light. 

Assuming that a photochemical reaction comes first, the results just 
described can be explained as follows. 'W hen illumination is continuous 
the products of a light reaction are formed faster than they can be uti- 
lized in a relatively slower dark reaction. 'When the light is intermittent 
owever, all or most of the products of a photochemical reaction are 
removed by a dark reaction during the intervening dark iieriod, and the 
photosynthetic output per unit of light is con.siderablv greater 

^ ^hark period was required for 

lirodurt removal of the 

produa resul mg during each light flash, the .same investigators were able 

to estimate the duration of each reaction. The dark reaction was found 

to proceed in less than 0.04 sec. at 25“C., and to be greatlv influenced bv 

s 3 ''r 'f great 

staTe'of the 'm Photosynthesis is limited l.v the 

tcnsitie ? f 7'' ' rate. tAdth low liglit in- 

s Ih hint" t ’ photochemical reaction 

rocess. \\ ith high light intensities and adequate carbon dioxide sunnlv 
hut low temperatures, the rate of photosynthesis is limited’ by a dirk 
reaction, and will increase considerably with a rise in temperature 
-Source of the Oxygen Released in Photosynthesis —A knowlc,)<TP ’ f +i 
source of the oxygen released in photi.synt/iesis Il one o^ tt t 

pi:Xt"i"sfs tili'i piitTaTti’ " 

;:,r 

have shown that the oxygen set free in" the 

molecules and not from carbon ilioxide molecu erThis'"T 

twelve per molecule of hexdse formldJ '"”'4 '"°'''rrrles (at least 

photosynthetic reaction than are shown’™ 

equation, because more oxygen is released th conventional summary 

SIX water molecules. The following equatiodt"thTef 

representation of the overall reaction- therefore a more accurate 
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673 kg. -cal. of 

n i -• t ^ ^ radiant energy ^ 

6 CO2 + 12 H2O C6H12O6 + 6 H2O + 6 O2 

chlorophyllous cells 

The HiU Reaction . — Hill (1937, 1939) and subsequently others have 
shown that illumination of suspensions of cliloroplasts in water in the 
])resence of a suitable hydrogen acxeptor (oxidant) results in the release 
of oxygen. This reaction also occurs in suspensions of grana from disin- 
tegrated cliloroplasts (AVarburg and Liittgens, 1944; Aronoff, 1946). This 
])lienomenon, now generally called the Hill reaction, can be represented 
by the following summary equation, A standing for a hydrogen acceptor: 


Hgbt 

2 HgO + 2 A ^ 2 AH 2 + O 2 

chloroplasts 

Some of tlie compounds whicli act as hydrogen acceptors in this reaction 
are ferricyanides, chromates, certain quinones, and certain indophenols. 
Holt and French (1948), by use of the isotope of oxygen, showed that 
the oxygen released in the Hill reaction, as in the overall process of 
photosyntliesis, comes from the water molecules. 

It is now quite generally considered that tiie Hill reaction, which is 
essentially' a photocatalyzed splitting of water, represents one of the 
constituent reactions of photosynthesis. A probable role of this reaction 
in the overall process is the formation of a reducing agent which, in turn, 
directly or indirectly, results in the transfer of hydrogen to carbon dioxide. 

Oxygen liberation without simultaneous reduction of carbon dioxide 
can also occur in intact plants. When, for example, suspensions of 
Chlorella cells were illuminated in the absence of carbon dioxide, but in 
the presence of certain hydrogen acceptors, such as benzaldehyde, oxygen, 
presumably coming from water molecules, was released (Fan, et al., 19 1* 
If the assumption that the Hill reaction is a constituent reaction 0 
photosynthesis is correct, then the mmmary equation for the other p ase 
of the process {i.a., the reduction of carbon dioxide) would be. 

CO 2 + 2 AH 2 -> (CH 2 O) + 2 A + H 2 O 

in which (CH 2 O) represents a carbohydrate-type molecule. 

The Carbon Pathway in Photosynthesis.— Considerable progress has 

been made in tracing the pathway of carbon through the photosynt e^ 
mechanism by the use of radioactive isotopes. When a suspension o ^ 
alga Chlorella or of the alga Scenedesmus was allowed to photosynt esiz 
for the very short period of 5 see. in the presence of carbon dioxi e ma 
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With radioactive isotope, a very large proportion (about 7Ci per cent) 
of the labeled carbon was found by subsequent analysis of the eells to 
be present in the compound phosphoglyceric acid (Calvin and Benson, 
1949, Benson and Calvin, 1950) . This was also found to be true for barley 
and geranium leaves after very short periods of photosynthesis. Similarly 
Aronoff and Vernon (1950) found glyceric acid and phosphoglyceric acid 
to be the principal compounds containing radioactive carbon after very 
short periods of photosynthesis in soybean leaves. Cly ceric (or phospho- 
glyceric) acid thus appears to be a key intermetiiate in photosynthesis. 
It is also a known intermediate compound in the process of respiration 
(Chap. XXII) . After slightly longer, but still very short periods of plioto- 
synthesis, radioactive carbon is also present in other compounds, some of 
which are also intermediates in respiration. It is a plausible hypothesis, 
therefore, that the carbon dioxide reduction phase of photosynthesis may 

proceed at least in part by a reversal of the sequence of reactions occur- 
ring in one phase of respiration. 

Radioactive carbon also appears in sucrose molecules after relatively 
short periods of photosynthesis. The actual order in which sugars appear 
IS not clearly indicated by the results obtained to date in experiments 
with radioactive carbon dioxide. It is entirely possible that the sequence 
m which sugars are formed in photosynthesis may be different in different 
species of plants or even in the same plant under different conditions. 
Radioactive carbon is also found after very short periods of photo- 

YYvir^mu- alanine, serine, and other amino acids (Chap. 

XXVI) This IS evidence in favor of the previously expressed view that 

the synthesis of ammo acids in photosynthetic tissues is closely inter- 
meshed with the intermediate steps in photosynthesis. 

Although the discoveries which have been made regarding the carbon 
path in photosynthesis are very significant, they do not clarffy the prob- 
em of how ener^ is actually incorporated into the products of photLyn- 

ea Boi ° " fundamental constituent 

reaction of photosynthesis, some mechanism, as yet undiscovered must 

exist whereby the reductants formed in this reaction transfer their energy 

to the products formed m the carbon dioxide reducine nhasp nf ^ 

Ruben fit nl nozin^ r- i • j t. ^ P^^se of the process. 

and 'T' 

might be found in this way 'mr"esultsTf'’s°“ h‘'‘“"*' 

into the carboxyl aroun 7 "^rbon is quickly incorporated 

acids such as alanine and aspartic acid. This is a fundamentally different 
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process from the one previously described under the topic of the carbon 
dioxide-absorbing mechanism of leaves. 

However, interpretation of experimental results on dark fixation of 
carbon dioxide is complicated by the fact that this process is not neces- 
sarily related to photosynthesis. Wood and Workman (1936) were the 
first to show^ that bacteria can incorj^orate carbon dioxide into metabolic 
products by a reversal of the decarboxylation process (Chap. XXII). 
It is now knowm that similar processes occur very widely in plant tissues, 
both green and non-green (Chap. XXII). Just how' close a relation exists 
betw'een such carbon dioxide fixation processes and the fixation w^hich 
represents a first step in photosynthesis is not certain at the present time. 

T anant ATechanisms of Photofiynthesis. — Although, as far as is known, 
the process of photosynthesis follows the same general course in all of 
the higher plants, somewhat different mechanisms occur in some species 
of the low’er plant phyla. Investigations of van Niel (1941) and others 
have shown that in the photosynthesis of the anaerobic green and purple 
bacteria the reaction is similar to that occurring in the higher plants, 
except that substances other than water act as the hydrogen “donors.*^ 
For example, green sulfur bacteria, which contain the pigment bacteria- 
viridiTiy can use hydrogen sulfide as a source of hydrogen in photosyn- 
thesis, the overall reaction being: 

6 CO 2 + 12 H 2 S CellizOe + 6 H 2 O -f- 12 S 

The purple sulfur bacteria, containing the pigment bacteriochlorophyllf 
are metabolically more versatile. Not only can they photosynthetically 
accomplish a chemical transformation similar to the above, in which, 
however, oxidation is carried all the way to a sulfate, but they also can 
use many other compounds besides hydrogen sulfide as hydrogen donors. 
Still another group, the purple **non-sulfur” bacteria, use principally 
various organic compounds as rcductants in photosynthesis, although a 
few species in this group can also oxidize sulfur compounds. No oxygen 
is released in these bacterial photosyntheses, further evidence that the 
oxygen released in ordinary photosynthesis comes from water. In this 
kind of photosynthesis light energy appears to be used mainly in activa- 
tion of the reactions rather than as a major source of the energy. Fur- 
thermore, the purple sulfur bacteria, at least, as a consequence of the 
absorption spectrum of bacteriochlorophyll, can accomplish photosyn- 
thesis in the infrared up to a wave length of about 900 m[i., as well as in 
visible light. 

A discussion of photosynthesis is not complete without a brief con- 
sideration of the chemo synthetic bacteria. A number of species of color- 
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less, aerobic bacteria are known which synthesize carholiydrates using 
energy derived from oxidation reactions, rather than radiant energy. 
Among these^ are the nitrifying bacteria, Xitrosamonas and Nitrohneter 
(Chap. XXM) which oxidize ammonia to nitrite, and nitrite to nitrate 
respectively; the nonpigmented sulfur bacteria such as Beggintoa, which 
oxidize hydrogen sulfide to sulfates; the iron bacteria which oxidize fer- 
rous hydroxide to ferric hydroxide, and others (Stephenson, 1939). 

_ Chemosynthetic and photosynthetic bacteria play an insignificant part 
in the world’s production of carbohydrates as compared with green photo- 
synthetic plants. Distribution of chemosynthetic bacteria is strictly lim- 
ited to habitats in which the appropriate oxidation substrates arc present, 
nkcwise, distribution of the photosynthetic bacteria is confined to hab- 
1 ats in which the particular compounds which serve as hydrogen donors 
occur. Many different hydrogen donors have apparently been experi- 
mented with in evolution’s laboratory in the development of the mech- 
anism of photosynthesis. Eventually, however, that version of the 
mechanism in which hydrogen is taken from its most abundant source— 
water-largely prevailed, and green photosynthetic plants arc now the 
most prominent type of living organism on the face of the earth. 

nvestigations of the chemosynthetic and photosvnthctic bacteria have 

brstudv o?'!l’ '^I^ci^lating the metaliolism of these organisms, 

but study of these variant, and presumably more primitive, mechanisms 

of carbohydrate synthesis in these simple plants has broadened insight 

nto the chemical machinery of the much more significant process of 
photosynthesis in the green plants. 

Quantum Requirement . quantum requirement of photosynthesis 
^.e. the number of quanta required for the reduction of each molecule of’ 

. .c of the prooo.s. If 

hes,, of „„c .ool of glucoao ,673 kg. cl.) be diAed by the "„mbe7rf 
carbon atoms in a mol (6 X 6 X lO^^) the amount of ^ number of 

atom is found to be approximately thr e ti imr hat oro""" 

pho,„«y„,hesie would therefore be "("3 Ta™: pe"''“, "".''"'r"* 
dioxide reduced. However since 4 hvrlrocro^ f ^ molecule of carbon 

energy to move them from water to carLn'di'oxi'dr'^r"''''' 

since a quantum is an indivisible unit it ^ ^ P™cess, and 

minimum requirement would actually be aboTt’r"" ^t'^* theoretical 
carbon dioxide reduced. ^ ^ quanta per molecule of 

4 wLVrlqlLTd'iT^o, ^^at only 

investigations by him and co t ° dioxide reduced and later 

y turn and co-workers have led to similar conclusions 
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(Burk et al, 1949). Such a quantum requirement would indicate an 
amazing efficiency of about 70 per cent for photosynthesis in converting 
absorbed radiant energy into chemical energy. Investigations of Manning 
etal (1938), Emerson and Lewis (1941), Tanada (1951) and others 
indicate, on the other hand, that about 10 quanta are required per mole- 
cule of carbon dioxide reduced. Even this quantum requirement repre- 
sents an efficiency of about 25 per cent for the process. A similar quantum 
requirement has been found by French and Rabideau (1945) for the Hill 
reaction. It is obvious that the question of the quantum requirement of 
photosynthesis has not yet been settled with finality. 

A clear implication of the quantum requirement of photosynthesis is 
that the process must proceed as a series of steps with an energy utiliza- 
tion of one quantum per step. A unique feature of the process is that a 
high energy product is constructed by the successive introduction into 
the reaction sequence of smaller units of energy (quanta). Franck's 
(1949) theory, in accord with this line of reasoning, proposes that there 
are eight intermediate steps in photosynthesis, each requiring one quan- 
tum for its activation. 

Induction Period.— As shown by McAlister (1937), Smith (1937), and 
others, when illumination of a plant starts, the rate of photosynthesis 
is at first low and gradually increases until it reaches the maximum value 
for the prevailing conditions. The length of this “induction period" is 
typically 1-3 min., but it may be shorter or longer, depending upon the 
species, its previous treatment, and the prevailing environmental condi- 
tions. The causes of such an initially low rate of photosynthesis are com- 
plex and are not the same under all conditions (Franck, 1951), but the 
existence of such induction periods must be reconciled with any postu- 
lated mechanisms of photosynthesis. 

Magnitude and Efficiency of Photosynthesis. — Because of its primary 
role in the biological economy of the earth, considerable interest attaches 
to the world magnitude of photosynthesis (Table 24) and the eflBciency 
of the process. 

The figures in Table 24 are for net carbon accumulation, i.e., for photo- 
synthesis minus respiration. Ihese data are in terms of organic carbon; 
the figures as given must be multiplied by a factor of 2.5 to give the 
equivalent values in terms of a hexose. It should perhaps be emphasized 
that estimates of the photosynthetic productivity of marine plants are 
necessarily much more approximate than those of land plants. Even on 
the basis of the lowest limit of the estimate given in Table 24 it is clear, 
however, that aquatic organisms (largely diatoms) account for a larger 
proportion of the annual photosynthate than do terrestrial plants. 

Approximately 3 X 10^® kg-cal. of radiant energy are converted mto 
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TABLE 24 ESTIMATED WORLD PRODUCTION OF ORGANIC CARBON 

(data or SCHROEDER (1919) FOR LAND PLANTS; OF RILEV (1944) FOR MARINE PLANTS) 



1 

Area, km,^ 

Metric tons* 
organic C per 
km.* per year 

Metric tons 
organic C, total 
annual production 

Forest. 

44 X 10*^ 

27 X lo*^ 

31 X 10® 

24 X 10® 

250 

160 

36 

7 

I i.o X 10® 

4.3 X !0* 
i.i X 10® 

0.2 X 10® 

Cultivated land 

Grassland 

Desert 


Total land . . 

126 X 10® 


16.6 X 10® 


Ocean. . . 

371 X 10® 

340 ± 220 

126 ± 87 X 10® 

— 


* A metric ton equals looo kg. 


chemical energy per year by the photosynthesis of the earth’s population 
0 green plants. This is only a small fraction, however, of the total quan- 
tity of radiant energy impinging on the earth’s surface— estimated at 
about 5 X lO^o kg-cal. annually— indicating that more than 99 per cent 
of the incident radiant energy escapes capture by photosynthesis. Even 
so, the energy converted by photosynthesis annually is about one hundred 
imes peater than the heat of combustion of all the coal mined on the 
earth in one year, and it is about ten thousand times greater than all 

e energy derived by man from water power during one year (Rabino- 
Witch, 1945). 

Some conception of the magnitude and efficiency of photosynthesis in 
terms of a familiar crop plant is afforded by calculations based on a 


table 25 QUANTITY OF PHOTOSYNTHATE PRODUCED BY ONE ACRE OF CORN (mAIZe) IN 

A GROWING SEASON (dATA OF TRANSEAU, I926) 


Dry weight of average com plant 


Grain. . 
Stalk. . 
Leaves 
Roots, 


season 


Totd ^ *" ^'°>°°° at end of 

T * I per cent of dry weight) 

lou organic matter in the plants 

Glucose equivalent of rt-^nxr^A /. u / i •*^'*^* • G* — i8o : 72) 

^ «le«e - .per cent of dry",^i"gh 

Total sugar manufactured in terms of gluc^ 


216 g. 
200 
140 
44 

600 g. 

6000 kg. 
322 ke. 
5678 kg. 
2675 kg. 
6687 kg. 

2045 kg. 
8732 kg. 
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hypothetical acre of corn (10,000 plants) growing in north central Illinois 
and yielding 100 hu. per acre (average yield in the United States in 1946 
was 33 hu. per acre). The growing season is assumed to be 100 days. The 
magnitude of photosynthesis for such a field of corn is showm in Table 25. 

Tlie quantity of radiant energy falling on an acre of land surface in 
north central Illinois during tlio growing period of 100 days is known from 
measurements made at Madison, AVisconsin, not far from the region of 
north central Illinois. Using tliese data together with his own estimates 
of tlie total sugar synthesized by tlie corn plants, Transeau was able to 
calculate the photosynthetic efficiency of com (Table 26). 

TAni.F l6 F.FFICIENCY OF PHOTOSYNTHESIS IN CORN (mAIZf). (dATA OF TRANSEAU, 

1926) 


Energy required for synthesis of i kg. glucose 3760 kg,-cal. 

Total energy utilized in photosynthesis by an acre of corn plants 

in manufacture of 8732 kg. glucose 33 million kg.-cal. 

Total solar energy available on the acre during growing season. . . 2043 million kg.-cal. 
Per cent of available energy used by corn plant in j hotosynthesis — 

i.e, its photosynthetic efficiency j,6 per cent 


iSiiicc, of the total carbohydrate synthesized, about one-fourth is con- 
sumed in rcsjiiration, the efficiency in terms of net j^hotosynthesis is not 
1.6 i)cr cent (Table 26) but 1.2 per cent. Of tlie net pliotosynthetic 
product only about one-third is present in the grain. The 100 bu. of corn 
harvested at the end of the growing season, therefore, represents only 
about 0.4 per cent of the radiant energy which iell on the acre during 
that period. 

However, a corn crop occupies the land for less than one-third of the 
year. The same is true for many other temperate zone crop plants. Very 
little of the incident radiant energy during the rest of the year is uti- 
lized in photosynthesis, even under suitable crop rotation systems, since 
environmental conditions are not very favorable to photosynthesis dur- 
ing most of the months that corn does not occupy the land. On an annual 
basis, therefore, the photosynthetic efficiency of this acre of com land was 
about 0.4-0. 5 per cent. Such a value can only be attained on an acre of 
land on which a superior crop is raised. The annual photosynthetic effi- 
ciency of average temperate zone crop land is only about 0. 1-0.2 per cent, 
comptitations indicate a similar efficiency in temperate zone forest lands 
(Daniels, 1950). In some warmer regions, where agriculture can be prac- 
ticed on a year-round basis, and in some tropical forest regions an av- 
erage annual photosynthetic efficiency of several times this value is 
probably attained. 
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4. Masses of filainentoiis algae are often found floating near the surface of a 
pond after several days of clear weather, but the same algal masses are often 
submerged after a period of several cloudy days. Explain. 

5. What method would you recommend for measuring the rate of apparent 
jihotosynthesis of a bean plant growing in the field. Point out the possible sources 
of error in the method. 

small percentage of the light incident on a leaf is utilized in 
photosynthesis, wh>' cannot the light intensity be reduced to this value without 
retarding the rate of photosynthesis? 

7, A large culture tube, A, is filled with a dilute bicarbonate solution and stop- 
pered so that no air bubbles are entrapped within the tube. Tubes B and C are 
similarl>' prepared, except that a shoot of waterweed is also suspended in the 
solution in each tube. The volume of solution is the same in each tube. Tubes A 
and B are kept in the dark while tube C is expo.^ed to strong illumination, all 
tubes being kept at the same temperaiure. At the end of one hour analysis shows 
the oxygen contents of the tubes to be: A, 0.2o0 mi.^; B, 0.210 ml. 2; C, 0.625 
ml. 2. Assuming the two shoots to be physiologically similar, calculate approxi- 
mate rates of re.-^piration, apparent photosynthesis, and ‘‘true” photosynthesis 
per shoot. 

8. A.ssuming a light intensity of 1 g.-cal. per cm.^ per min., calculate the photo- 
synthetic efficiency of a leaf in which hexose is synthesized at the rate of 10 mg. 
per dm.^ per hr. 




FACTORS AFFECTING PHOTOSYNTHESIS 




The Principle of Limiting Factors.— Earlier investigators of the effects 
of various conditions upon the rate of photosynthesis attempted to dis- 
tinguish among minimum, optimum, and maximum values for each factor 
in relation to photosynthesis. In evaluating the effect of temperature upon 
photosynthesis, for example, it was generally considered that there was a 
minimum temperature below which no photosynthesis occurred, an op- 
timum at which the process takes place most rapidly, and a maximum 
above which photosynthesis ceases. Advocates of this point of view how- 
ever, soon found themselves confronted with the anomalous situation of 
fluctuatmg optimum.” The “optimum” carbon dioxide concentration 
vas found to be greater at high light intensities than at low ones the 
optimum temperature was found to vary with the light intencifv ’ a i 
the “optimum” light intensity was different for plants fe , 
water than for those which were inadequately supplied. 

The first important step in the clarification of this problem of the in 
fluence of various factors upon photosynthesis was taken when Blackman 
(1905) enunciated the “principle of limiting factors” Thic 

XXX) and was stated by Its author a! follows .■ Vhera"’"'™ 
the process is limited by the^aee o, Z 

to be just great enougl, to TZt l Lni'Zr"! 
per hour in photosynthesis^f only me of cl'lb ^ 

leaf in an hour the ratp nf ^ dioxide can enter the 

factor. As the carbon dioxide limited by the carbon dioxide 

carbon dioxide supply is increased the rate of photosyn- 

3:t5 
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thesis is also increased until 5 mg. of carbon dioxide enter the leaf per 
hour. Any further increase in the supply of carbon dioxide will have no 
influence upon the rate of photosynthesis, unless a sufficient concentra- 
tion is present to bring about retarding effects, because insufficient light 
energy is available to permit its utilization. Light has now become the 
limiting factor and further increase in the rate of photosynthesis can be 
brought about only by an increase in the intensity of light. These results 
are indicated graphically as A J5 C in Fig. 93. This theory assumes a 
progressive increase in the rate of the process with a quantitative increase 
in the limiting factor (in this example, carbon dioxide) until the point 
is reached at which some other factor becomes limiting fin this example, 
light intensity). At this point the increase stops abruptly (point B in 
Fig. 93), and the rate of photosynthesis becomes constant {B C of Fig. 
93). According to this concept, when the magnitude of photosynthesis 



Fig. 93. Diagram to illustrate Blackman’s interpretation of the principle of 

limiting factors. 

is limited by one of a set of factors, only a shift in that factor toward a 
condition more favorable for the process will result in an increase in the 
rate of photosynthesis. 

If the light intensity is sufficient to permit the leaf to utilize 10 mg- 
of carbon dioxide per hour, then the rate of photosynthesis will rise with 
increase in the carbon dioxide concentration to a value about twice as 
great as that at which the maximum rate of photosynthesis was attained 
at the lower light intensity. The results under these conditions can be 

indicated graphically hy A D E (Fig. 93). 

Light and carbon dioxide are not the only factors which can be limit 
ing in the photosynthetic process. Theoretically, as examples given later 
in the chapter will show, any of the factors which influence this process 
can, under certain conditions, become limiting. 
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Most subsequent workers (Harder, 1921, James, 1928, and others) have 
been unable to accept the principle of limiting factors in quite the simple 
form m which it was first proposed by Blackman. Most investigators 
have found that, when the rate of increase of photosynthesis is j)Iottcd 
along the ordinate with tlie quantitative variations in some one factor as 
the abscissa, the resulting curve is not found to show an abrupt transition 
to the horizontal (points B and D, Fig. 93) as i.ostulated by Blackman’s 
onnulation of this principle, but shows instead a gradual transition to a 
position approximately parallel to the abscissa (Fig. 96). Within this 
foansition region it is evident that increase in either of the two factors 
involved will result in an increase in the rate of photosynthesis. 

The explanation for the occurrence of this gradual transition in the 
direction of the curve, rather than the abrujit change postulated by the 
original Blackman theory, results at least in part from the fact that 
the seat of the photosynthesis is in the chloroplasts of which there are 
mi lions m even a small leaf. Patently it is impossible that each and every 
chloroplast will be subjected to exactly the same conditions at exactly 
the same time. All of the chloropla.sts are not equallv exposed to light- 
neiBier are all of them equally well supplied with carbon dioxide. As a 
factor approaches a limiting value it may check the rate of jihotosynthesis 
m some chloroplasts sooner than in others. It is quite possible therefore 
for light to be the limiting factor for some chloroplasts, while carbon 
dioxide IS simultaneously the limiting factor for other chloroplasts Sim- 
ilar comments apply to most of the oti.er factors influencing photosyn- 

sis. Hence the rate of photosynthesis, as measured in terms of entire 
organ,, ,,ll exh.brt only a gradual change when ,.o,„rr affect, g ti'o 
process are modified, and there exist well-defined regions in curves such 
as those shown in Fig. 96, in which two or even more taetors m.ri.e 
considered to act simultaneously as limiting factors ^ 

It should be clearly understood that, in speaking of ^'limitmo - 

:hx;'siirni£irrs‘;h=;;\: 

-:r:r-rei^r rr t~ r 

illustrate, suppose that we assume ten miits ^ necessary. To 

unit of c are necessarv fnr f r units of b, and one 

that only five units of a are avrSe^noneTd suppose 

less of the quantities of 6 and c av^la^rrith T" 

, a IS m relative minimum and thus acts as the limiting factor. 


338 


FACTORS AFFECTING PHOTOSYNTHESIS 


For this reason many authorities consider it to be more satisfactory to 
sjK'ak of the “relatively limiting factor,” “factor in relative minimum,” 
or “most significant factor,” rather than of the “limiting factor.” 

One other qualification of the theoiy of limiting factors not envisaged 
in the original Blackman formulation should also be mentioned. When 
present in a high enough intensity or concentration, as discussed later 
in this chapter, most of the factors influencing the rate of photosynthesis 
exert a depressing or inhibitory effect on the process. 

The modifications which have been imposed ui)on the original concept 
of limiting factors do not invalidate this principle as a good approxima- 
tion to the facts, nor do they destroy its value as a point of view from 
which to interpret the influence of various factors upon the rate of photo- 
synthesis. The significant fact is that the rate of the process, except in 
relatively narrow transition regions, is usually determined in the main by 
the least favorable factor, which may for convenience be spoken of either 
as the limiting factor or as the factor in relative minimum. 

The principle of limiting factors is applicable to all physiological proc- 
esses and will receive further evaluation in relation to growth phenomena 


in Chap. XXX. 

The Role of Carbon Dioxide.— All of the carbon dioxide used by green 
plants reaches the chloroplasts as dissolved carbon dmxide, carbonic acid, 
or one of the salts of the latter. In land plants the atmosphere is the only 
important source of carbon dioxide. Carbon dioxide released in respira 
tion may be utilized in photosynthesis without leaving the plant, but 
under conditions favorable for photosynthesis this does not constitute 
very large fraction of the total used. Submersed water plants use c 
bonates and bicarbonates as well as dissolved carbon dioxide and car )0 


acid as substrates of photosynthesis. / v f 78 

The atmosphere is composed chiefly of two gases, nitrogen . 

per cent) and oxygen (about 21 per cent), but also contains, m ac 
to a variable but never large amount of water-vapor, small quan * ^ 
other gases. One of its minor constituents, carbon dioxide, ^ uc 
stitutes on the average only about 0.03 per cent by volume o 
pherc, plays a role of the greatest significance in the biologica 
a result of the photosynthctic activity of green plants, the car on 
from the air becomes chemically bound for periods of m e ini e 
in the organic molecules which are the basis of all life. In 
important biological role, the proportion of carbon dioxide m 
phere seems precariously small. The absolute amount presen , 
is enormous. Estimates, necessarily very approximate, p ace 
quantity of carbon dioxide in the atmosphere at about 2 X 
cording to Schroeder (1919) , the quantity of carbon dioxide usea 
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m photosynthesis by land plants is about 6 x 10''’ kg. This is only about 
one-thirtieth the amount actually present in the atmosphere. 

1. Sources of the Atmospheric Carbon Dioxide . — \^■hile green plants 
are continually removing carbon dioxide from the atmosphere, other 
processes are continually rei)lcnishing the atmosi)hcric reservoir with this 
gas. Carbon dioxide is continually being returned to the atmosphere as 
a product of the rcsi)iration of plants and animals. Plants are more im- 
portant produeers of carbon dioxide than animals. Carbon dioxide is re- 
leased into the atmosi)here as a result of the respiration of both green 
and non-green plants. The relatively great importance of the latter group 
of orpnisms as generators of this gas is not always ap|)reciatcd. The 
organic residues of plants and animals are decomposed as a result of the 
activities of bacteria and fungi. During such decay processes the carbon 
of these residues is mostly released in the form of carbon dioxide as a 
result of the metabolic activities of these organisms and escapes into 
the air. The evolution of carbon dioxide gas from soils is often very con- 
siderable and IS frequently referred to as “soil resjuration’’; this repre- 
sents largely the respiration of microorganisms (sec later) . The respiration 
ot the soil bacteria alone probably results in a greater return of carbon 
dioxide to the atmosphere than the respiration of all animals. 

Carbon dioxide is also released into the atmosphere from volcanos 
mineral springs, and m the combustion of coal, oil, gasoline, wood, and 
other fuel materials, but the total annual increment from these sources 
IS veiy sniall relative to the amount present in the atmosphere. On the 

c.rrnn T' of <'crtain igneous rocks (felds,.ars) combines 

cart, on dioxHle and thus reduces the quantity of this gas in the atmosphere 

Oceans are rriuch more important reservoirs of carbon dioxi.le than the 

atmosphere. The oceans occupy nearly tl.rec- fourths of the earth’s sur- 

ace and arc estimated to contain about eighty times as much carbon in 

forms avadablc to plants as the atmosphere. The carbon dioxide in ocean 

wh cT l'" ' r "‘‘'‘mical and biological cycles 

microorganisms accomplish tlic decay of dUd^T ^Huatic 

ing most of the carl)on in fi plants and animals, releas- 

■liori*. <^.,n L "'ii’li ' T '"'‘’“I' 'o™ «' '“to” 

^onatra, nn.I l.icarl.onalcs alao nhl I " or- 

tied up hy certain marinp i • of carbonates are 

P y certain marine animals in the formation of shells. Other marine 
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animals precipitate large quantities of carbon dioxide in chemically com- 
bined form as the calcium carbonate of calcareous rocks. The conversion 
of bicarbonates into carbonates results in the release of carbonic acid and 
thus increases the available carbon dioxide content of the water. Even- 
tually such rocks (limestones, etc.) may be raised above sea level, and 
the carbon dioxide tied up in the form of carbonates again is released to 
the atmosphere or dissolved in running water during dissolution of the 
rock. 

Similar although not quite such complex cycles of carbon dioxide exist 
in the bodies of fresh water. 

There is also a constant exchange of carbon dioxide between the oceans 
and the atmosphere. In fact, on theoretical grounds, there is good reason 
to suppose that the carbon dioxide concentration of the atmosphere is 
more or less effectively maintained in dynamic equilibrium with that of 
the oceans. Carbon dioxide prol)ably escapes from the oceans whenever 



Fi(i. 04. The carbon cycle. 



THE ROLE OF CARBON DIOXIDE 


341 




Its atmospheric concentration falls below the usual value, and dissolves 
in the oceans whenever a contrary shift in atmospheric carbon dioxide 
concentration occurs. The maintenance of such a large-scale dynamic 
equi ibnum between the oceans and the atmosplierc is probably the prin- 
cipal factor accounting for the constancy of the carbon dioxide concentra- 
tion of the atmosphere. 

The cycle of carbon in nature is shown diagrammatically in Fig. 94. 

2. TAe Entrance of Carbon Dioxide.— Although the bulk of the carbon 
dioxide entering the leaves of land 

plants undoubtedly jiasscs in through 
the stomates, substantial amounts 
may diffuse directly into the epider- 
mal cells in some species. For exam- 
ple, a considerable propoition of the 
carbon dioxide used in photosynthesis 
in certain species which have stomates 
only m the lower epidermis, such as 
coleus, begonia, and avocado, passes 
into the leaves through the upper cju- 
dermis (Freeland, 1948). By the use 
of carbon dioxide made with the radio- 
active C*-* isotope, Dugger (1950) has 
also shown that this gas can pass into 
the leaves of coleus and hydrangea 
through their upper, unstomated sur- 
faces (Fig. 95). Fig. 95. Radioautogmph of a co- 

All entrance of carbon dioxide bi- '' "I’Pcr (iin- 

carbonates, or carbonates into the of "Fich has been 

leaves of submersed hydrophytes, oc- earl'n chox,de.'’The"ww[e?rl^ 

curs ( irectly through the ejiidermis. ''Inch radioactive carbon is iiresent 
Ihe rate of entrance of carbon di- 'c* mo.«tly below the area of upper 

oxide through stomates is very con- to which the leaf cup 

siderable in proportion to the aavre •'‘ttached through which the air 

a™ u,c Ito,,..., Vr.: K 

conditions favorable for |.hotosynthe- ' 

leaf aurtacc per hour. Since Ihc atolnriesln iT.irieaf ' 'T 

cent of the surface diffusion of eo i .• * ^ occupy only 0.9 iier 

place at a rate of 7.77 cc per cm 2 them took 

assumption was made that all carbon ^Perture per hour. (The 

mates.) Under the same condi on 

e conditions a normal solution of sodium hydroxide 
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absorbs from the atmosphere, even in rapidly moving air, only 0.177 cc. 
of carbon dioxide per cm.“ jier hour. In other words, carbon dioxide gas 
diffuses througli the stomates at a rate approximately fifty times as fast 
as it diffuses into an efficient absorbing surface. 

The extremely rapid rate of diffusion of carbon dioxide gas through the 
stomates can be interpreted in the light of principles of diffusion of gases 
through small oi)enings. Table 27, condensed from the work of Brown and 
Escombe, indicates that lliese same principles hohl, in general, for carbon 
dioxide as well as water-vapor (Chap. Xl. 


TABLE 27 DITFUSION OF CARBON DIOXIDE THROt’CH MULTIPERFORATE SEPTA. PORES 

0.380 MM. IN diameter; septa I CM. FROM SODIUM HYDROXIDE SOLUTION (dATA OF 

BROWN AND ESCOMBE, 1 9 CX 3 ) 


Sep- 

tum 

Area of 
tube, cm. 2 

Distance 
! apart of 
pores in 
diameters 

Diffusion 
CO2 through 
septum, 
cc. per hour 

1 

9-347 

2 63 

0-433 

2 

9.186 

. 26 

0. 401 

3 

9.456 

7. 80 

0.312 

4 

9.511 

10.52 

0. 241 

5 

9. 186 

13.10 

0. 156 

6 

9 347 

15.70 

0.106 


Diffusion 


Diffusion 
CO2 through 
ojicn tube, 
cc. per hour 

Per cent of 
septum area 
occupied by 
pores 

through pores 
as per cent 
of diffusion 
through 
open tube 

0.771 

n-34 

56.1 

0.775 

2.82 

5*-7 

0.768 

1.25 

40.6 1 

0.767 

0.70 

31 .4 

0.744 

0.45 

20.9 

0.740 

0.31 

I4.O 


The most important in-ineii>le illustrated, that the rate of di usion 
not decrease proportionately with rerluction in the aggregate ° ^ 

is shown in the last two columns. For septum 4 (pores 10..52 
apart), for example, the diffusion is 31.4 i)er cent of that roin 
tube, although only 0.70 per cent of the septum surface is occupie 

the apertures. , n„fi)on 

. 3. Efjects oj Variations in the Atmospheric Concentration oj 

Dioxide vpon the Rate of Photosynthesis. Although the jjj 

dioxide content of the atmosphere is 0.03 per cent, the ac 

plant habitats is from about half to several times this value. . 

average values are not infrequent in relatively quiet air in zone 

high rates of iihotosynthcsis juevail. In a field of corn, for exa 

carbon dioxide content of the air surrounding the plants .jg^t 

measurably less than the average atmospheric value ( u . at- 

hours whenever high rates of photosynthesis occur. parbon 

mospherc on the level with the crowns of trees in a dense ores 

dioxide content is sometimes considerably less than the avera 
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pheric value during hours when rapid photosynthesis is in progress. In a 
tightly closed greenhouse the carbon dioxide content of the air may de- 
crease materially during the course of a bright day. 

Investigations of Lundcgardh (1931) and others indicate that a con- 
siderable part of the carbon dioxide utilized by plants in many habitats 
IS released locally as a result of “soil respiration,” i.e., in the respiration 
of soil microorganisms. Such a release of carbon dioxide is especially 
pronounced in well-fertilized soils, soils rich in organic matter, and in 
many forest soils. “Soil respiration,” when marked, may result in a local 
enrichment of the carbon dioxide concentration in the air stratum close 
to the surface of the ground. Such a rise in carbon dioxide content is 
peatest during the night hours when the offsetting effect of photosynthesis 
m low-growing plants is absent. On a well-fertilized field the formation 
of carbon dioxide as a result of “.soil respiration” .luring a 24-br. period 

may equal or exceed the consumption in plioto.<ynthc.ds during the day- 
light hours. 

The cp’bon dioxide content of the air is also influenced by fogs and 
mists. The quantity present per unit volume of air is measurably higher 
on foggy mornings than on clear mornings, and rates of aiiparent photo- 
synthesp are correspondingly increased in a foggy as contrasted with a 
clear atmosphere if no other conditions are limiting (Wilson, 1948) 

Although it is customary to express atmospheric concentrations of 
cai bon dioxide as percentage by volume, such units are valid only when 
a o the concentrations to be compared are at approximately the same 
atmospheric pressure. The rate of liiffusion of carbon dioxide into a leaf 
IS a function of its jiartial pressure which varies directly as the total at- 
mospheric pressure. Hence, although the percentage of carbon dioxide in 
the atniosphere is about 0.03 per cent both at sea level and for examnle 
at an altitude of 15,000 feet, its partial pressure is very different ^ 
eyel the partial pressure of this gas is about 0.23 mm. Hg; at 15 000 feet 
a titude, about 0.13 mm. Hg. In terms of fundamental units, therefore the 
effective concentration of carbon dioxide varies consideralily with klti- 
ude and this may be a factor to be taken into consideration when photo 

“c .izrz:' ■ t .r 

late of iihotosynthcsis until .some other factor most e i 

liecomes limiting. The results of an experiment on th ’ 

dioxide concentration to the rate of nhnto +i • oI carbon 

in which, it should be noted the hig e rt l hr"! 

about 10 per cent of nnnnH ’ light intensity used was only 

XU per cent ot noonday summer sunlight. 
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If no other factor is limiting, the rate of photosynthesis rises in most 
species, at least for a while, with increase in the carbon dioxide con- 
centration up to, at a minimum, 15-20 times the usual atmospheric con- 
centration. Relatively high concentrations of carbon dioxide, in general, 
retard photosynthesis. The concentration at w’hich such depressant effects 
are initiated varies with the kind of plant, stage of development of the 
photosynthetie tissue, length of exposure to carbon dioxide, and other 
prevailing environmental conditions. In the leaves of Hydrangea otaksa, 
for example, the rate of photosynthesis, although considerably retarded, 



Fig. 96. Rehition between different carbon dioxide concentrauoiib c 
photosynthesis in wheat at three different light intensities. Data o oov 

(1933). 


is not entirely inhibited in short time experiments at concentrations as 

great as 20 per cent carbon dioxide (Livingston and Franc , ^jrate 
Under natural conditions during summer months in moist, emp 
regions the carbon dioxide concentration of the atmosphere is 
quently the limiting factor in photosynthesis for all photosynt 
which are well exposed to light. There seems to be little ou ) 
crease in the atmospheric concentration of this gas to a 
times its average value of 0.03 per cent has a continuous There 

effect on photosynthesis, as long as no other factors are im carbon 

is evidence, however, that only slightly higher conccntra ion 
dioxide which favor enhanced photosynthesis over pcno s o 
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or days may have a detrimental effect on the process over longer periods. 
Thomas and Hill (1949), for example, found that tomato plants exposed 
to ten times the atmospheric concentration of carbon dioxide during day- 
light hours showed detrimental effects within lo.ss than 2 weeks. 

The Role of Light.— The energy stored by green plants in the molecules 
of carbohydrates during photosynthesis can be supplied only by light. 
Any source of radiant energy 



various effects of lio-ht licadmgs. Before the 

will be desirable to analyze thrnlwsi^ however, it 

incident light. ' P y ' cal relations between leaves and 


1. The Optical Properties of Leaves 


• Of the visible light which falls 
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on leaves, as with radiant energy generally, a part is reflected, a part is 
transmitted through the leaf, and a part is absorbed by the leaf. 

The proportion of the visible light incident upon a leaf which is ab- 
sorbed varies considerably according to the kind of leaf and the intensity 
of light, but it is frequently in the neighborhood of 80 per cent (Seybold, 
1932) and probably often higher. A clear distinction should be drawn 
between the proportion of visible light absorbed by a leaf and the pro- 
portion of the total incident radiant energy absorbed, the latter being in 
the neighborhood of 50 per cent for many kinds of leaves (Chap. IX). 



Fig. 98. Relation between different light intensities and rate 
of wheat plants at three different carbon dioxide concentrations. Data o 

et al. (1933) 

For any given kind of leaf the proportions of incident light 
transmitted, and absorbed vary considerably according to wave e 
(Fig. 97). In general a larger proportion of the incident light is a 
by thick than by thin leaves. For normally green leaves ^ 

tion in the range of visible light occurs in the extreme long re 
secondary, but less pronounced, maximum in the green. Converse y, 
imum absorption is in the blue-violet and orange-short re ^ 

responding approximately with the prominent ^ -jjt in 

chlorophylls. Reflection of infrared by leaves is about 50-60 pe 
the wave length range of 760-1100 mg. (Billings and Morns, 19^ 

2. Effects of Variations in the Intensity of Light upon ^ 
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Photosynthesis.— In general, with increase in light intensity there is an 
increase m the rate of photosynthesis until some other factor, in this ex- 
ample, the carbon dioxide concentration, becomes limiting (Fig. 98). At 
relatively low light intensities, as long as carbon dioxide is not the limit- 
ing factor, the rate of photosynthesis is approximately proportional to 
the light intensity. For the maximum concentration of carbon dioxide in- 
dicated in Fig. 98 (0.11 per cent), the maximum light intensity used was 
not great enough for the carbon dioxide factor to have become limiting 

no?? 1 maximum light intensity employed- 

1000 foot-candles— IS much inferior in intensity to usual summer sun- 

light, which at noon on a clear day usually is equivalent to 8,000-10 000 
loot-candles. ’ 


At usual atmospheric carbon dioxide concentrations, maximum photo- 

syn hetic rates are attained when leaves are exposed to light intensities 

considerab y less than the maximum sunlight intensity. In apple leaves 

or example, peak photo.synthctic rates are reached at light intensities 

one- ourth to one-third full sunlight (Heinicke and Childers, 1937) 

Similar y in maize leaves maximum rates are attained at about one-fourth 

he peak mtensity of summer sunlight (Verduin and Loomis, 1944) and in 

loblolly pine iPrnus tae.Ia) needles at about one-third full sunligM 

(Kramer anc Clark, 1947). On the other hand, in pronounced shade 

species the highe.st rates of photosynthesis under otherwise favorable 

natural conditions are reached at light intensities no higher than 1000 
foot-candles ( Lundegardh, 1931). ^ 

_ Results such as those discussed above will be obtained only when a 
single leaf or a small plant, in which there is little or no shading of one 
I art by another, is used as the experimental material. When the effect 
of light on photosynthesis is considered in terms of an entire/ f 
ever, a different relation holds. Thus Heinicke and Childers (1937?'').^°'!^' 
that the rate of photosynthesis for an entire anole trap ' showed 

gre^ively with i„ light i„te„s.l/„p to or„caiy thaT^fTf, 

tree arc heavily shaded. Although, TrsLerlhraZ' T 

liglit intensities eonsidetnhly below that of «t 

tor. showed that many of the ntrrio e».. 

little as 1 per rent or less o the s inrier “I e “ 

Even in full .nnlight, themflt man ' tf .^7 ^ 

not photosynthesize at their maximum pn 

tensity the greater the proportion of the ) the light in- 

Hence the greater the intensitv of tli • ^hich this will be true. 

erage rate of photosynthesis per uni f TT"' - 

y per unit of leaf area. The total photosynthesis 
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per tree, therefore, increases progressively with increased illumination 
up to or at least close to the maximum possible sunlight intensity. 

Internal shading effeets on the rate of photosynthesis have been demon- 
strated experimentally for such diverse plants as the loblolly pine (Pinuo 
taeda\ by Kramer and Clark (1947) and the hornwort {C eratophyllum 
(lemersvw) — a submersed aquatic — by Meyer (1939) and doubtless occur 
in many other kinds of plants with densely arranged foliage. Similar 
effects exist in compact stands of plants such as fields of some crop species. 
IMutual shading of the ]>lan(s in plots of alfalfa is sufficiently marked so 
that the phot osynthetic rate of such plots considered as a unit is highest 
at peak light intensities, or at intensities close thereto, as in an apple tree 
(Thomas and Hill. 1937) . In fields of maize, on the other hand, the plants 
apparently do not shade' ('ach other sufficiently to have any appreciable 
effect on ihv aggregate rate of photosynthesis on bright days (Verduinand 
Loomis, 19441 

Th(' intensity of 1h(' sunlight incident on the earth’s surface varies from 
hour to hour anel from se'ason to season, as well as with meteorological 
conditions. Clouds, fogs, dust, and atmospheric humidity, all influence the 
intensity of the radiation which reaches the surface of the earth. The 
exposure and pitcli of a slope aw also factors influencing the intensity of 
the light impinging upon a giv(’n location, and are particularly of im- 
portance in hilly or mountainous country. Other conditions being equal 
the intensity of sunlight also increases with increase in altitude. In aquatic 
habitats light intensity decreases with depth below the surface of t e 
water. Most variations in the intensity of natural light are accompanicf 
by variations in light quality of greater or lesser magnitude. Usua y, 
however, under out-of-doors conditions, variations in the intensity com 
ponent of light are of greater physiological influence than the accompany 

ing variations in tlu' f|uality component. 

Ecologically one of the most important factors causing different spe ^ 

of plants to be exposed to differences in light intensity is the ec 
taller plants in shading those of lesser stature. Some species t rive 
photosynthesizc efficiently only in fully exi)osed locations, others can 

plete their normal life cycle in intensely shaded habitats. ^ 

Even under a tree with a rather open crown the light intensi y 
one-tenth to one-twentieth that of full sunlight.^ Hence light is 
the limiting factor for photosynthesis in most siiecies of plants w en g 
ing in the shade of trees. Species which normally grow m deep s 
often exceptions to this statement. On cloudy days light is ^ 

the limiting factor in photosynthesis. Because of the ° f^gn 

weather in many regions during the winter, plants under g ■ 
photosynthesize at very lew rates during those months. 1 he s 
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of the daylight period also contributes to low daily rates of photosynthesis 
during the winter season. 


A number of studies have been made of the minimum liglit intensities 
at which various species of plants are just barely able to survive. I’nless 
foods have previously aceumulated, the minimum light intensity at whieh 
a plant will remain alive for indefinite periods during its normally aetive 

seasons must permit sufficient photosynthesis to compensate for both day 
and night respiration, and in 


all probability must also allow 
for some assimilation ((.’hap. 

XXIX). 

Bates and Roeser (1928) 
studied the effects of low liglit 
intensities upon the growth of 
a number of species of ever- 
greens native to the western 
United States. The seedlings 
were exposed to a 200 watt, 
blue tungsten lamp for 10 hours 
a day. Differences in light in- 
tensity were obtained by grow- 
ing the seedlings at different 
distances from the source of il- 
lumination. Their results (Fig. 
99) show that redwood seed- 
lings were able to maintain 
their initial dry weight in a 
light intensity less than 1 per 
cent of full sunlight, while pi- 
non j)ine required about 6 per 
cent, and the other three species 



Fig 90. Relation between light intensity 
and weights of conifer seedlings after 9 
months. Data of Bates and Roeser (1928). 


were intermediate in their requirements. 

Extremely high light intensities exert an inhibitoiy effect on photo- 
synthesis, a phenomenon called solarization. Holman (1930) showed that 

strcl SlTSh M°,M accumulated 

n.l on r i?TM ct TJ t»icc this lllumi- 

iUCr and uo't Ju'Thetl: Slth 

from iu'thi'’;; r" 

beng released m the process. The deta shown graphically in Fig. 


relative oxygen liberation 



TIME OF ILLUMINATION IN MINUTES 

Fio. 100. Relation between light intensity in foot-candles ^ in 

by Chlorella. Oxygen consumption (photoxidation) occurs ^aer 

tensities. Data of Myers and Burr (1940). 
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100 illustrate the occurrence of photo-oxidation in Vhlorella, but the exist- 
ence of this phenomenon has also been demonstrated in other species. At 
lower light intensities a steady or nearly steady rate of photosynthesis is 
maintained by Chlorella but the higher the light intensity above 4000 
foot-candles the more markedly the rate falls off with time. At 27,700 
foot-candles, the highest intensity used, oxygen consumption (photo-oxi- 
dation) sets in almost immediately. 

Photo-oxidation should not be confused with ordinary respiration as it 
IS an entirely different process. It operates through at least a part of the 
photosynthetic mechanism and may occur at a rate three or four times 
greater than respiration. In a sense photo-oxidation may be regarded as a 
variant of photosynthesis in which oxygen is used as the substrate instead 
of carbon dioxide. Oxygen consumption at high light intensities results 
not merely from a superimposing of photo-oxidation upon photosynthesis 
but at least partly from an inactivation of the latter process by the former. 

Short periods of photo-oxidation are usually not harmful to leaves or 
other photosynthctic organs, but continuation of this process for more 
than a few hours commonly results in decolorization of chlorophylls and 
ultimately in death of the cells in which it is occurring. 

Light may exert indirect as well as direct effects upon photosynthesis 
Low light intensities favor stomatal closure and hence may sometimes 
check photosynthesis by restricting the entrance of carbon dioxide as well 
as by acting as a direct limiting factor. Similarly high light intensities 
often cause increased rates of transpiration. Indirectly this causes a re- 
duced water content of the leaf cells, which may in turn cause a dimin- 
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ished rate of photosynthesis. A high light intensity also has the usual effect 
of raising leaf temperatures somewhat above the prevailing temperatures 
of the surrounding atmosphere and may thus influence photosynthesis in- 
directly by its effect on thermal conditions within leaves. Very high light 
intensities also have a destructive effect upon chlorophyll and other cell 
constituents as mentioned in the preceding paragraph. 

3. Effects of Different Light Qualities upon Photosynthesis . — Hoover 
(1937) investigated the effect of different wave lengths of radiation upon 
the rate of photosynthesis of wheat plants (Fig. 101). By the use of suit- 
able filters he was able to irradiate the plants with narrow spectral bands. 
All measurements were made with equal but low intensities of radiation 
incident upon the plants and under such conditions that no other factor 
was limiting for photosynthesis. The results of his investigation indicate 
the occurrence of maximum photosynthesis at a wave length of 655 ni[x 
in the red, and a secondary maximum of 440 mg. in the blue. It is worthy 
of note that this curve does not show a very close agreement with the 
absorption spectrum of chlorophyll (Fig. 89). 

The results of all investigators on the relation between light quality and 
photosynthesis do not agree with those just described, riabriclsen (1948), 
for example, found in several species, including wheat, that the highest 
rates of photosynthesis occurred in orange-red light, the next highest in 
green-yellow light, and the lowest in violet-blue light. With IHva lactuca 
(a marine alga) , however, results were obtained similar to those of Hoover 


for wheat. 

It is not certain whether the differences in the effect of light quality on 
photosynthesis from one species to another which appear to exist are real 
or not. It is possible that the relation between light quality and photo- 
synthesis is not the same in all kinds of plants, and may even be different 
in two plants of the same species which have developed under different 
conditions. On the other hand, the technical difficulties in this type o 
experimentation arc considerable, and it is not clear just how mud o 
the available data has been obtained under sufficiently critical conditions. 
It is also possible, therefore, that the diverse results which have een 
recorded are more apparent than real, and are largely the outcome o e 

different experimental techniques which have been used. * ' 

There are a number of conditions under wliich plants growing m eir 

natural habitats are exposed more or loss continuously to light ^ ^ 
ferent quality from that of full sunlight at the earth’s surface. On c ou y 
days, for example, the intensity of light is not only less than on clear ays, 
but it is proportionately richer in blue and green wave lengths.^ 

Light which has been filtered through the crown of a tree is ^ 

proportionately richer in green rays than direct sunlight because o e 
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greater proportionate absorption by leaves in the red and blue portions of 
the spectrum. This effect upon light quality is most marked in hardwood 
orests in which the tree crowns form an almost continuous canopy. The 
herbs, shrubs, and smaller trees growing in such forests are subjected to 
light which is not only of much lower intensity than full sunlight, but is 
also different in quality from the light impinging upon the forest canopy. 

In habitats of submerged aquatics both tlie intensity and quality of the 
light are usually very different from the intensity and quality of the 
sunlight at the earth’s surface. Pure water absorbs radiations in the red- 
orange portion of the spectrum much more effectively than in the blue- 
green region. While the absorption coefficients of natural waters for vari- 
ous wave lengths of light vary somewhat, depending upon the substances 
dissolved or dispersed in the water, in general shorter wave lengths pene- 
trate to greater depths than longer wave lengths. Hence with increasing 
depth in either fresh or ocean water not only is the intensity of the light 
reduced, but its quality is greatly modified. Aquatic plants growing at a 
depth of 20 meters, for example, will be exposed to light proportionately 

much richer in blue-green rays, although of lower intensity, than those 
at a depth of 1 meter. 


Alpine plants are also exposed to light of different composition than 
species at lower altitudes. The atmosphere absorbs the shorter wave 
lengths of the sun’s radiation more effectively than the longer ones Be- 

atmo.sphere through which it passes, 'sun- 
light at high altitudes is therefore not only more intense than at lower 

elevations but is also relatively richer in the shorter wave lengths of 
Visible radiation and the ultraviolet. ^ 

4. Effects of Duration of the Light Period upon Photosynthesis —In 
general a plant will accomplish more photosynthesis in the course of a 

hours U.a„ i, suit.,,,. .i.M coudl.lous prevlVr„"f; f'^Vor h" tt' 
In aictic regions photosynthesis may occur continuously throughout the 

Brntn^n^^sT wf:; youn'^""^ f"'* " -dicaLd by "he" ret ItHj 

illumination of about 3200 f ootLXs^tTs ° C ttt/” "" 

phene concentration of carbon dinxirlp i ' ^ ^ atmos- 

an undiminished rate tor periods of at 'leari8 d°™s “ 

of rnrerum of the effect 

by the tact that the leaf temperatures of “ oomplicated 

as atmospheric temperatures^ Whenever ^ 

urts. vvnenever leaves are exposed to direct illu- 


354 


FACTORS AFFECTING PHOTOSYNTHESIS 


mination, which is almost invariably the situation when photosynthesis is 
occurring at a rapid rate, their temperatures exceed those of the sur- 
rounding atmosphere. It is difficult, therefore, if not impossible, to main- 
tain the temperature of the leaves of land plants at a desired value while 
they are exposed to light of any considerable intensity. Evaluation of the 
effect of the temperature of leaves upon photosynthesis is possible only 
if the actual leaf temperature is measured. For this reason many of the 


more critical studies of the effect of temperature upon photosynthesis have 
been made with submerged water plants, in which a close thermal equilib- 
rium is maintained between the plant body and the surrounding water. 

1. Temperature Limits of Photosynthesis. — Photosynthesis can take 
place over a wide range of temperatures. It has been reported to occur in 
some species of conifers at temiieraturcs as low as — 35°C. and in some 
kinds of lichens at — 20°C. Freeland (1944) has shown that the photo- 
synthetic rate may exceed the rate of respiration in several species of 
conifers at temiieratures as low as — 6°C. Tropical plants cannot carry 


on photosynthesis at temperatures as low as those at which many tem- 
perate zone plants do. In most tropical species photosynthesis apparently 
will not occur at temperatures below about 5°C. At the otlier end of the 
temperature range for photosyntliesis stand the sj)ccics of algae indigenous 
to liot springs which can survive 75°C. and probably carry on ]>hotosyn 
thesis at temperatures close to this value. Many semi-desert and tropica 
species can withstand air temperatures of 55°C. and probably photosyn 
thesizc at temperatures not far below this. In most plants of temperate 
regions the range of tem|)eratures within which photosynthesis occurs a 


a relatively rapid rate is about 10°-35®C. 

2. The Effect of Temperature on the Rate of Photosynthesis. / 
ther carbon dioxide, nor light, nor any other factor is limiting, the ra c 
of photosynthesis increases with rise in temperature up to a point w ic 
varies somewhat from one kind of a plant to another. Further increase i 
temperature results in a rapid decline in the rate of photosynt csis, r 

suiting primarily from injurious effects of higher 
protoplasm. Furthermore, as first clearly shown by Matthaei ( ^ 
cherry laxirel {Prunus laurocerasus) but since confirmed by ot 
gators for other species (Fig. 102) , the rate of photosynthesis at all mg 
temperatures decreases with time. The higher the temperature e s 
tiiis decline in rate sets in, and the more rapidly that it 
cherry laurel, for example, the rate of photosynthesises essen la y^ 
stant for a number of hours at temperatures of 23 . 7 ‘*C. and owe ^ 
30.5^0., however, the rate is measurably less after several hours 
the beginning of the photosynthetic period. At 37.5®C., at whic 
cst initial photosynthetic rate is attained, the rate falls on s 
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rapidly, and within a few hours is markedly loss than initially. Under 
such conditions, within a favorable tem[)cratiirc range (about 10®-35°C.), 
the temperature coeflicient of jihotosynthesis is about two. 

The diminution in the rate of photosynthesis with time, particularly 
marked at higher temperatures, is evidence of the increasingly limiting 
effect of some internal factor, generally called the “time factor.” The 
exact nature of this time factor is unknown, and it is possible that it may 
represent the composite influence of several internal conditions. One of 
the more probalile mechanisms of this effect is that of an inactivation of 
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thesis, even though the external supply is not limiting. As discussed in 
later chapters, similar time factor effects are present in the temperature 
relations of other plant processes, such as respiration and growth. 

It should be emphasized again that the relation between photosynthesis 
and temperature described above holds only when no other environmental 
factor is limiting. Such experiments on the overall temperature character- 
istics of the process must therefore be conducted wuth the plants exposed 
to an atmosphere in which the carbon dioxide concentration is consider- 
ably higher than the usual atmospheric concentration of 0.03 per cent. 

In nature the maximum rate of photosynthesis which might be achieved 
under the prevailing temperature is often not realized because of the limit- 
ing effect of some other factor. Temperature, wdthin the ordinary physio- 
logical range for plants, has little effect on the rate of photosynthesis of 
plants growing in deep shade or of plants exposed to the low light in- 
tensities of cloudy days. Under such conditions light is the limiting factor. 

Similarly, on warm days, well-watered plants exposed to bright light 
often do not photosynthesize at the maximum rate possible under the 
prevailing temperature because carbon dioxide at atmospheric concentra- 
tion is the limiting factor. Thomas and Hill (1949), for example, found 
that temperature had very little influence on the rate of photosynthesis of 
alfalfa under field conditions within a range of 16.4° to 29°C. In other 
w'ords the temperature coefficient of the process under such conditions is 
approximately one. 

The Role of Water in Photosynthesis. — Less than 1 per cent of the 
water absorbed by a plant is used in photosynthesis. It therefore seenis 
probable that the indirect effects of the water factor upon photosynthesis 
are more pronounced than its direct effect. In other words, deficiency o 
water as a raw material is rarely if ever a limiting factor in photosyn- 
thesis. Nevertheless a reduction in the water content of leaves usua y 
results in a decrease in the rate of photosynthesis as is illustrated by t c 
results of Schneider and Childers (1941). These investigators studie ^ c 
effects of withholding water upon the rate of apparent photosynthesis m 
apple trees. When the soil was allowed to dry out gradually, starting roi 
the field capacity, reduction in the rate of apparent photosynthesis an ^ 
transpiration) became evident within a few days at an air temperature o 

26.7°C. and was pronounced before visible wilting took place. W en ^ 
soil water content had fallen to the permanent wilting percentage, an ^ 
the leaves were distinctly wilted, apparent photosynthesis was P 
cent less than the initial rate. Upon watering the soil the leaves 
turgidity within a few hours, but the original rates of apparent 
synthesis were not reattained until 2-7 days had passed. An ^ 

implication of this last observation is that the retarding effects of rou 
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on jihotosj'ntlicsis linger for >oini‘ time after water lias again tecome 
availalile in the soil. 

Submersion of roots also has a jirunouneeil retarding elTect on apparent 

photosynthesis (and transpiration) in a|)|)le (('hilders and White, 1942), 

usually heeoining evident within 2-7 day.s after flooding the soil with 

water. \\ ith eontinued water-loguing of the soil around the roots, rates of 

ajiparent Jihotosynthesis olten heeoine innneasurahle. This effect is douht- 

Icss largely the re.sult of a retardation in water ahsoriition (Chap. XIV). 

The influenee of a reduction in the water content of leaves upon the rate 

of photosynthesis probably results from either or both of two principal 

causes: (Da reduction in the diffusive cajiaeity of the stomates, and (2) 

a dcerea.se in the hydration of the chloroplasts and other jiarts of the 

protoplasm which in some manner diminishes the effectiveness of the 
photosynthetie mechanism. 

Decrease in the water content of leaves unquestionably causes a reduc- 
tion m the diffusive capacity of the stomates. Miteludl ( 193()) and others 
have observed, however, that in .some plants relatively high rates of iflioto- 
synthesis may prevail at times when the stomates appear to he closed 
There are several possible explanations for this aiiparently anomalous 
observation. One is that stomates which ap|iear closed to microscopic ob- 
servations are not entirely closed to the jiassage of ga.scs. A second is that 
reseryoired carbon dioxide (Chap. XVIII) within the leaf cells may be 
used in photosynthesis while the stomates arc closed or nearly so A third 
is that considerable amounts of carbon dioxide may enter the leaves of 
some species directly through the epidermis as described earlier 
The evi.lence in favor of the view that the decreased hydration of the 
protoplasm which accompanies a reduction in cell turgidity causes a de 
creased rate of photosynthesis comes chiefly from experiments with water 
plants At alter (1929), for example, has studied the effect upon their rate 

of photo.synthesis of immersing plants of waterweed {Anacharis canaden- 
is) m sucrose solutions of various concentrations. The greater the con- 
centration of the sucrose solution the less the turgidity of the cells the 
less the hyilration of protoplasm and the slower the rate of photosynthelh 

n one experiment the rate of photosynthesis was appreciably retard^ 
by immersion of the nlants in nn na w ^^^'auiy retarded 
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resulting from a diminution in cell turgor most likely re- 
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suits from direct effects upon the hydration of the protoplasm of the 
photosynthesizing cells. 

In gen(‘ral, it appears that the rate of photosynthesis is less affected by 
reduction in leaf wattT content than the rate of transpiration. This is 
indicated by the results of Heinicke and C'hilders (1936) who determined 
the average rates of photosynthesis and transpiration over a one-week 
I>eriod in two ap[)l(^ trees, one of which was well watered while the other 
was growing in soil which was gradually drying out. The rate of photo- 
synthesis of the j)!ant in the dry soil was about half as great as in the 
plant which wrfs watered. Idie rate of transpiration, however, was only 
about one-j>mrth as great in the former plant as in the latter. 

Effect , of Oxygen Concentration on Photosynthesis. — The photosynthetic 
^gana' of terrestrial plants are seldom exposed to oxygen concentrations 
wTiTch deviate appreciably from the usual atmospheric concentration of 
about 21 per cent. Hence studies of the effect of oxygen concentration on 



UIOHT INTENSITY, ERGS PER CM* PER SECOND 

Fio. 103. Comparative rates of photosynthosi.s in wheat at low and 
concentrations under different light intensities. (10 X 10'* ergs 

g.-eal. per cm.^ per min.) Data of McAlister and Myers ( • )• 
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the rate of photosynthesis arc principally of thc<n’c(ical interest. In at 
least some, and probably all, plants, increase in the oxvf^en concentration 
results in a decrease in the rate of photosynthesis, and the normal atmos- 
pheric concentration is sufficiently high to induce a slower photosynthetic, 
rate than obtains at lower oxygen concentrations. For example, McAlister 
and Myers (1940) showed that the rate of photosynthesis in yoiing^ wheat 
plants was about 30-50 per cent higher in 0.5 per cent oxygen tlian in 20 
per cent oxygen at a high light intensity and atmospheric carbon dioxide 
concentration (Fig. 103). This effect of oxygen is not merely a decrease in 
apparent photosynthesis resulting from an enhanced rcsiuration rate at 
the higher oxygen concentration but is on the process of photosynthesis 
per se. Neither is this effect one of photo-oxidation off.sctting photosyn- 
thesis, because the magnitude of the retardation in photosynthesis under 
relatively high concentrations of oxygen is too great to be accounted for 
in this way. The only satisfactory explanation appears to be that oxygen 
actually exerts a direct inhibitory effect on photo.synthcsis, and the greater 
the concentration of oxygen the greater this effect. 

Effects of Certain Chemical Compounds on Photosynthesis. — Many dif- 
ferent kinds of chemical compounds, upon absorption by plant cells, have 
effects direct or indirect — upon the rate of photosynthesis. Esp&cially 
noteworthy arc the effects of certain substances which markedly influence 
the rate of photosynthesis when present only in minute quantities. Among 
these arc hydrocyanic acid, hydroxylaminc, hydrogen sulfide, and certain 
compounds containing the iodoacctyl radical. Hydrocyanic acid, for ex- 
ample, has a pronounced retarding effect on the i)hotosynthesis of Chlo- 
rella at a concentration of only 4 X 10“^^ molar. All of these substances 
appear to act as enzyme inhibitors (Chap. XVI, XXII) and each of them 


appears to afTect one specific enzyme system of the several which operate 
in the mechanism of photosynthesis. This fact has been used to advantage 
by investigators of the chemical dynamics of photo.synthcsis, who have 
therehy been enabled to inhibit the process at different stages, and thus 
to differentiate more clearly among the several partial reactions of photo- 
synthesis. For examrile, the enzyme system which is sensitive to hv- 

droxylarninc participates only in tlie oxygen-releasing stage of photo- 
synthesis. ^ 

Narcotics of wliich chloroform, ether, and the urethans are examples 

also exert retarding or inhibitory effects on photosynthesis when present 

m very low concentrations. Unless the concentration is too high, in which 

case death of the ce Is may result, the effect of such substances is reversi- 

le Narcotic inhibition of photosynthesis does not appear ta result from 

effects on specific enzymes, hut from some more general influence, which 
IS believed to he relate,] to tladr surface activity 
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The Effects of Internal Factors on the Rate of Photosynthesis.— In addi- 
tion to the environmental factors which influence photosynthesis, the rate 
of the process is also influenced by certain factors within the plant. In 
general, because of the experimental difficulties encountered in their' in- 
vestigation, the effects of such internal factors on photosynthesis are less 
x\ell understood than those of external factors. Some discussion of several 

of these factors is warranted, however, by the present state of our knowl- 
edge. 


1. Chlorophijll Content . — In their extensive study of the relationship 
between chlorophyll content and photosynthesis Willstiitter and Stoll 
(1918) devised the 'photo.synthetic nnynbcr (“Assimilationszahl”) as an 
index to this relation. The j)liotosynthetic number is tlie number of grams 
of carbon dioxide absorbed j)er hour ])er gram of chloroi)hyll. These two 
investigators studied the relation between chlorophyll content and photo- 
synthesis in green-leaved and yellow-leaved varieties of the same species 
(Table 28). In this experiment the leaves were exposed to strong light in 
an atmosphere of 5 per cent carbon dioxide at 25°C. 


TABLE 28 — THE RELATION BETWEEN PHOTOSYNTHESIS AND CHLOROPHYLL CONTENT IN GREEN 
AND YELLOW-LEAVED VARIETIE-S OF ELM AND ELDER (dATA OF WILLSTATTER AND STOLL, I9I8) 




Chlorophyll 
content of 
10 g, fresh 
leaves in mg. 

COi absorbed per hr. in mg. 

Photo- 

Specica 

Variety 

Per 10 g. 
leaf tissue 

Per dm.* 
leaf surface 

synthetic 

number 

Elm 

Green 

16 2 

III 

21 

^ 6.9 

Elm 

Yellow 

I 2 

98 

1 46 

97 

24 

34 

21 

82. 

European Elder 

Green 

22 2 

6.6 

European Elder 

Yellow 

0. 81 

120. 




As shown in this table the rate of photosynthesis in green-leaved 
varieties is not much in excess of that in yellow'-leaved varieties of the 
same species, and, when expressed in terms of the photosynthetic number, 
the yellow-leaved varieties are much more efficient per unit of chlorophyll 
present. Other investigations by the same w'orkers also seem to point to 
the conclusion that there is no proportional relationship between chloro- 
phyll content and photosynthesis in the leaves of vascular plants. In other 
words> it appears that the chlorophyll content of the leaves is seldom the 
limiting factor in photosynthesis in such species even when all external 

conditions are favorable for the process. 

2. Hydration of the Protoplasm . — That the hydration of the protoplasm 
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is an important internal factor influencing jihotosynthesis has already 
been shown in the discussion of the water factor in i)hotosynthesis. 

3. Leaf Anatomy. — The rate of photosynthesis in any leaf is partly 
conditioned by the anatomy of that leaf. The size and distribution of 
the intercellular spaces, the relative proportions and distribution of pali- 
sade and spongy layers, the size, position, and structure of the stomates, 
the thickness of the cuticular and epidermal layers, the amount and posi- 
tmn of sclcrcnchyma, proportion and distribution of non-green mcsophyll 
tissues, and the size, distribution and cfficiencv of the vascular system all 
influence the rate of photosynthesis. The effects of the structure of leaves 
upon the rate of photosynthesis result ]irineipally from influences upon the 
latc of entrance of carbon dioxide, ujion the intensity of light iicnetrating 
to chlorenchyma cells, upon the maintenance of the turgidity of the leaf 

cells, and uiion the rate of translocation of soluble carbohydrates out of 
the photosyntlicsizing cells. 

4. Protoplasmic Factors.— -Evidence from various tvpcs of experiments 
some of which has been iircsentcd on the foregoing pages, indieates con- 
clusively that certain other conditions resident in the protoplasm of iilant 
cells, other than chlorophyll content and hydration, influence the rate of 
photosynthesis. The most important of such factors is umloubtcdlv the 
enzyme complement of the protoplasmic system. That a number of en- 
zymes play a part in iihotosynthesis is beyond question. There is also 
little doubt that the pro]iortions and quantities of these enzymes mav 
vary in different kinds of photosynthetic cells, or in (he same 'cell under 
different conditions, but until more is known of the phvsicochcmical na- 
ture (. the photosynthctic catalysts no discussion of them bevond these 
generalized statements is warranted. 

5 Accumulation of the End Products of Photosynthesis.~E)m\np:, 
ph()to.synthesis the carbohydrates synthesized in the process, or in immedi- 
ately following secondarj- reactions, accumulate in the photosvnthcsizina 
cells more rapidly than they are translocated toward other tissues^ Un 
der at least some conditions accumulation of carbohydrates appears to 
exert a retarding effect upon photosynthesis (Kurssanow 1933 - Monel. 

IrnTr"* Boysen-Jensen and Muller (1929), Kjiir 

(1937) , and others, however, appear to indicate that there is no consistent 

re ationship between the concentration of carbohydrates in the leaf cells of 
intact plants and the rate of photosynthesis 
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in transparent celluloid cabinets and air circulated through each cabinet 
at rates ranging up to several hundred cubic feet per minute. The net con- 
sumption of carbon dioxide by the plants was ascertained by measuring 
the difference in the concentration of this gas in the inflowing and out- 
flowing streams of air. In general, as with the apple tree previously de- 
scribed, the rate of photosynthesis under these conditions showed a close 
correlation with the light intensity. 

Innumerable other types of daily periodicities of photosynthesis are 
possible. The pattern of any such periodicity dependsnn part on the kind 



Fig. 104. Daily variations in the rate of aiiparont pliotosynthosis of alfalfa. 

Data of Thomas and Hill (1037). 


of plant and on the unit of plant material for which photosynthesis is 
measured — whether a single leaf, a small plant, a large plant, such as a 
tree, or a plot of vegetation. It will also obviously vary with the daily 
cycle of environmental conditions which not only differs in a general way 
from one climatic center to another, but also shows seasonal and daily 
variations within any climatic region. 
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DISCUSSION QUESTIONS 

1. What environmental factor would be most likely to be the 
in photosynthesis in the east central United States in July? In January. 

greenhouse in the same region in July? In January? In a 

ing the rainy season? During the dry season? In a lake at a depth oi lu 
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2. If, under the conditions prevailing on a “stanciard day,” half of the leaves 
are removed from a tree, how will the daily rate of photosynthesis per unit of 
leaf area compare with the rate before the leaves were removed? Explain. 
Answer the same question for a day with heavy clouds. Would the distribution 
of the removed leaves make any difference? Explain. 

3. If the carbon dioxide concentration is usually the limiting factor during the 
summer months for plants well exposed to light,' why is it possible to increase 
the production of many crop plants by adding fertilizers to the soil? 

4. Explain exactly why a leaf appears green to the human eye. 

5. Under what conditions would the addition of water to the soil around a 
plant be expected to result in an appreciable increase in the rate of photosyn- 
thesis? No very great change? A measurable decrease? 

6. Why does adding carbon dioxide to the atmosphere of greenhouses in the 
northeastern United States during the winter months often have little or no 
beneficial effect on plants? 

7. Assuming otherwise "standard day” conditions, would you expect the rate 
of photosynthesis of an entire apple tree to be greater on a perfectly clear day 
or on one with scattered cumulus clouds in the sky? 

8. Waterweed plants immersed in a dilute solution of KHCO3 and exposed to 
sunlight show an immediate increase in the rate of i)hotosynthesis if the tempera- 
ture is raised from 25° to 30°C. The rate of photosynthesis in leaves of land 
plants exposed to full sunlight, however, usually increases only slightly or not at 
all with the same rise in temperature. Explain. 

9. Cite some examples of situations in which solarization might be exi)ected 
to occur under natural conditions. 

10. If you wished to obtain maximum i)roduction of photosynthate in a potted 
herbaceous plant over a 2-hr. period, what jjrocedure would you siiggest? Maxi- 
mum production of photosynthate over a period of a week? 
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The physiological processes of green plants revolve around molecules 
which belong to the great chemical group known as carbohydrates. In- 
cluded in this group of compounds are the molecules put together in 
photosynthesis, the molecules which make up the structural framework of 
plants, some of the most important food reserves, and a large number of 
less prominent compounds that participate in a wide variety of processes 
which occur within plant cells. The carbohydrate molecule serves as the 
principal vehicle in which the energy of sunlight is captured, stored, trans- 
ported, and from which it is finally released and utilized by living cells. 

The name carbohydrate was given to the group many years ago when 
the first chemical analyses revealed that the molecules of these compoun s 
contained only carbon, hydrogen, and oxygen, the latter two being presen 
in the same ratio in which they arc found in the water molecule. It as 
been known for a long time, however, that carbohydrates are not, as t c 
name suggests, hydrates of carbon. Most of the compounds in the group 
do have the cmfiirical formula Cm (H2(I)nj but tliis is not true or a 
carbohydrate molecules. Furthermore, there arc a number of compoun 
which have this same empirical formula but which are chemically unre 
lated to the carbohydrates. Carbohydrates are now defined as aldehy ic 
or ketonic derivatives of polyhydric alcohols of the aliphatic scries an 
their condensation products. The significance of this statement wi 

come clearer in the light of the following discussion. i f H 

A large number of different kinds of carbohydrates have been ^ 
from plants, and doubtless many more remain to be discovered. c 
compose the bulk of the dry matter of plants. Although sonic o 
carbohydrates are of universal occurrence in plants, or practica y s , 
others seem to be restricted to a very few species. Certain carbohy ra ^ 
are the important structural components of the cell walls of plants, o e 

366 


CLASSIFICATION OF THE CARBOHYDRATES 


367 


are integral parts of the protoplasm, some are in solution in the cell sap, 
while large quantities of others accumulate in plant cells as insoluble 
storage products. 

Classification of the Carbohydrotes. — A classification of the principal 
carbohydrates is presented in Table 29. This table is not complete, but it 
does list all of the more important carbohydrates, and includes all of 
those known to be of especial significance in the metabolism of plants. 


TABLE 29 — A CLASSIFICATION OF THE PRINCIPAL CARBOHYDRATES 


I. Monosaccharides 

or 

Simple Sugars . . . 


II. Oligosaccharides 

or 


I. Bioses 


I. Xylose 

2. Trioses 

Aldoses 

2. Arabinose 

3. Tetroses 


3. Ribose 

4. Pentoses. . . < 

Ketoses 




1 I. Glucose 


Aldoses ' 

2. Mannose 
( 3. Galactose 

5. Hexoses . . . • 



Ketoses 

^ i 

f I. Fructose 

1 2. Sorbose 

6. Heptoses 



7. Octoses 

1 

I. Sucrose 

8. Nonoses 


2. Maltose 

9. Decoses 


3. Gentiobiose 



4. Trehalose 

I. Disaccharides 

5. Melibiose 



6. Cellobiose 
^ 7. Lactose 

1 

f I. Raffinose 

2. rrisaccharides 1 

2. Gentianose 

3. Melezito.se 


1 

[ 3. Tetrasaccharides 

I. Stachyose 


D-and L-forms 


/ 



Pentosans 


1. Araban 

2. Xylan 


III. Polysaccharides. . . < 2. Hexosans. 


I. Glucosans . . . 


1. Starch 

2. Glycogen 
3* Cellulose 
4. Lichenin 


2. Fructosans. . . .Iniilin 

3. Mannans 

4. Galactans 


,j f Pectic Acid 

3. Pectic compounds / Pectin 

_ [ Protopectin 

4. Gums 

5. Mucilages 

6. Amino-hexosans 


Chicin 
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The monosaccharides are the group of carbohydrates from which no 
simpler carbohydrates can be produced by hydrolysis. They are classified 
according to the number of carbon atoms which they contain. Although 
monosaccharides of all of the groups included in Table 29 have been iden- 
tified, only the 5-carbon atom (pentose) and 6-carbon atom (hexose) 
monosaccharides are important in plants. Most of the sub-groups of mono- 
saccharides can be further divided into aldoses and ketoses. Aldoses are 
monosaccharides containing an aldehydic group H while ketoses 

(-C=0) 

contain a ketonic grouj) (— C=()). 

The oligosaccharides or compound sugars can all be hydrolyzed into 
simple sugars. They may therefore be regarded as condensation products 
of the simple sugars. Disaccharides yield two molecules of monosac- 
charides upon hydrolysis; trisaccharidcs, three; and tetrasaccharides, 
four. All of the important compound sugars knowm to occur in plants arc 
condensation products of hexose sugars. The hexose molecules formed 
upon hydrolysis of compound sugars may be all of one kind, or of more 
than one kind, depending upon the specific oligosaccharide. 

The i)olysaccharides are condensation products of large numbers of 
monosaccharide molecules, or of molecules which arc close derivatives of 
monosaccharide molecules. In most of the polysaccharides all of the con- 
densing molecules are of the same kind, although there arc some important 
exceptions to this statement. 

General Properties of the Sugars. — The mono, di, tri, and tetrasaccha- 
rides are collectively called the sugars. All of these compounds possess the 
property of sw'cetness and all of them are white, more or less crystalline 
compounds which are soluble in w’ater. 

1. Reducing and Nonreducing Sugars . — All of the monosaccharides and 
some of the more complex sugars act as reducing agents. This action is 
made possible by the presence of an aldehydic or ketonic group in the 
sugar molecule. Those compound sugars in w'hich the linking of the mono- 
saccharides has occurred in such a manner that the aldehydic or ketonic 
groups have lost their u.sual reactivity are nonreducing. Sugars arc com 
monly classified on this basis as reducing sugars or nonreducing sugars. 
The reducing action of sugars is most commonly determined by means o 
Fehling^s or Benedict’s solution, in which, upon heating, a reducing sugar 
converts cupric hydroxide into cuprous oxide. The latter compound sepa 
rates from the solution in the form of a reddish precipitate. These so u 
tions are used not only for the qualitative demonstration of reducing 
sugars but for their quantitative estimation, since the quantity of precipi 
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tate formed, although not directly proportional, hears a definite relation 
to the amount of sugar taking part in tlie reaction. 

2. Optical Activity. — Most of the soluble carbohydrates are, like many 
other organic compounds, optically active when in solution. The optical 
activity of a solution of carbohydrate refers to its property of rotating 
the plane of polarized light. Thfe specific rotary power of a sugar is ex- 
pressed in terms of the number of degrees of angular rotation of the 
plane of polarized sodium light caused by a solution made in the propor- 
tion of 1 g. of the sugar to 1 ml. of solution, observed through a depth of 
10 cm. at a temperature of 20°C. Measurements of the rotary power of 
substances are made with an instrument known as a polarimeter. Com- 
pounds which rotate the plane of polarized light to the right (in a clock- 
wise direction) are called dextrorotatory ; tlio.se which rotate it to the left 
(in a counterclockwise direction) are called levorotatory. 

_ 3. Isomerism.— An important fact regarding the sugars is that many 
isomers may exist with the same molecular formula. There are two im- 
portant types of these, ordinary chemical isomers and stereoisomers. The 
former result from differences in atomic groupings within the molecule. 
The difference between the isomers of this type may be seen by compar- 
ing the structural formulas for n-glucose and D-fructose, both of which 
have the same empirical formula (CeHi.O,,) : 


CHO 

H— C— OH 
IK)— C— n 
II— C— OH 
H— C— OH 

I 

CH2OH 

D-Glucose 


CH2OH 

I 

c=o 

I 

HO— C— H 

H— C— OH 

1 

H— C— OH 
CH 2 OH 

D-Fructose 


ings bul lhe .0 peupmgs are arranged in different patterns around the 

each of the four valences is s.tiLrS f dr^erent fcndTt a”, " 

gionp. Such carbon atoms arc indicated in bold face in the sIru't-Uiral 
foiniulas for monosaccharides given in this ehantpr n\ 

D-.nannose, for example, arc ste.Wisomers 
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u 

1 

H— C-OH 

HO- 

U 

1 „ 

1 

HO— C— H 

1 

H— C— OH 

HO- 

1 

-C-H 

H- 

1 

-C-OH 

1 

H— C-OH 

H— C-OH 

i 

H- 

1 

-C-OH 

1 

H- 

-C-OH 

1 

H 

D-Glucoe© 

n 

D^Mannose 


Two exactly opposite stereoisomeric forms exist for each of the simple 
sugars, the arrangement for L-glucose and L-mannose being the mirror 
images of the above patterns. One of the stereoisomeric forms rotates 
the plane of polarized light to the right; the other rotates the plane 
to the left. It is impossible to know which form actually is associated 
with either rotation, and, therefore, the designation of the two mole- 
cular types as d and l forms does not represent their action on po ar 
ized light. A d molecule is one in which the asymmetric carbon atom 
farthest from the reducing group and adjacent to the termina 2 
group has its OH group shown on the right. In the l form the OH gro P 
of the same carbon atom is shown on the left. When it is desired 0 s 
the direction of rotation, this is indicated by the use of a plus sign 
rotation to the right and a minus sign for rotation to the left, thus. 

D-glucose or if desired d( + ) glucose 

D-fructose or if desired d(-) fructose 

4. Ring Structure.— Although it has long been customary to 
formulas of monosaccharides as straight carbon chains, ^me 0 gjgg, 
erties of such sugars cannot be explained satisfactorily y sue 
ular structure. It bas been necessary to assume that the monos 
actually possess a ring structure. In fact, molecules o g ucose 
hexose sugars may exist in two different ring forms w c pyjanose 

their stability and reactivity. In the more stable nng fom (in ^ ^ 

ring) carbon atoms 1 and 5 are linked by an oxygen l,y 

less stable ring form (the furanose ring) the oxygen atom ^ 

carbon atoms 1 and 4. The ring formulas are abo be 

closed hexagons or pentagons (Haworth, 1929), but . between 

expressed as straight carbon chains with an oxygen atom sH 

appropriate carbon atoms: 
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H— ,C— OH 


eCHsOH 


H— sC— OH 


HO— 3C — H 

H— ^C— OH 
H-^C 


H 

I 

4C 


6C- 

'' I 

H 

OH 


HO 


H 

iC 

'\ 

OH 


eCHaOH 

D £^lucose 
(pyranose ring) 


H-^C — OH 
HO— sC — H 


% • 
3C 

I 

H 


• < 

iC 

I 

OH 


D glucose 
(pyranose ring) 


6CH2OH 


HO— 5C— H 


4C 


H— 4^ 

H— bC— OH 


iC 


OH 


OH 


aC 


eCHaOH 

D glucose 
(furanose ring) 


I 

OH 


D glucose 
(furanose ring) 


Pentose suprs also have ring structures of both forms. Because of their 

greater reactivity the furpose forms commonly have a transitory exist- 

ence, but because of their lability probably play an important role in 
metabolic processes. 

Each of the hexoses exists in « and p forms, depending upon the posi- 
tion of attachment of the H and OH groups to the number 1 carbon atom 
which IS also asymmetric in the pyranose and furanose rings: 


sCHsOH 


6CH2OH 


4C 

I 

HO 




H 

OH 


(A, 


OH 




I 

H 

OH 


H 


OH 


ot D^Glucose 


OH 


fi D'Glucose 


atoms pentoses are sugars with five carbon 

products-the pentosans, as constituents of certain glycosides, and 
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as a part of nucleic acid molecules (Chap. XXVT). L-Arabinose and 
n-xylosc are the common pentose siip;ars obtained by the hydrolysis of the 
l)entosans. The former is also one of the products formed in the hydrolysis 
of vegetable gums and ]>ectic compounds. D-Arabinose has been obtained 
by hydrolysis of certain glycosides. n-Ribosc and desoxj^-n-ribosc arc 
constituents of the nucleic acids of the cytoplasm and nuclei respectively. 

The pentose sugars ari’. therefore. imjKTtant building blocks in the syn- 
thesis of certain more complex molecules, some of which are essential com- 
ponents of all living cells. Tlie oi'igin of the pentoses in plants is unknown, 
but it is highly jirobable that they are formed from the hexose sugars. 

The hexoscfi are six car})on atom sugars represented by the molecular 
formula Cidlu’C,;. Sixteen stereoisomeric aldoses and eight stereoisomeric 
ketoses having tliis formula are known to be possible. Of all these, only 
two, D-glucose (an aldose) and D-fnictose (a ketose), are commonly 
founrl in plants in the free state. n-^Iannose and D-galactose, both al- 
doses, are hydrolytic products of a number of the more complex carbo- 
hy<lrates bnmd in plants. 

i)-(;iucose ial.^o called dextrose, blood sugar, corn sugar, or grape sugar) 
is the most familiar of all the licxoses, and is of widespread occurrence in 
plants. It is ai)parently present in practically every living plant cell. 

!)-C;iucose rotates the jdane of polarized light to the right. Transformation 
of glucose to fructose, as well as the reverse reaction, occurs readily m 
plant cells. Cducose is a substrate of respiration and is probably also a 
common translocation form of carbohydrate. Its condensation products 
include starch, cellulose, and glycogen. It is also a hydrolytic product ot 


certain di-, tri-, and tetrasaccharidcs. 

D-!Mannosc and D-galactose are both found in plants of the free ® ^ ^ 
only in traces, and arc evidently only transitory products in the me a - 
olism of plants. Their condensation products arc mannans and galactans 
respectively, both discussed later. Galactans arc commonly associa 
with the pcctic compounds and galactose is one of the sugars proc uc 
upon the hydrolysis of lactose, rafhnosc, stachyose, gums anr muci a 
o-Fructosc (also called levulosc, or fruit ‘sugar) , like glucose, is ne. 
always present in the cells of the higher plants. Fructose rotates P 
of polarized light to the left. It is especially abundant m many 
which it often exceeds the amount of either glucose or sucrose ^ 
Fructose is a common substrate of respiration and undoubtedly is ^ 
translocated from cell to cell in plants. Condensation of fructose 
produces inulin, an important storage carbohydrate in some sp 
plants. Fructose is also one of the hydrolytic products ot sucrose 

several of the tri- and tetrasaccharides. abundant 

Tk- ni^ncchartdes. — Sucrose, a nonreducing sugar, is the mos 
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of all the disaccharides in the higher green plants. It is widely distributed 
throughout plant tissues and often accumulates to high concentrations in 
storage organs. The roots of sugar beets and the stalks of sugar cane, for 
example, may contain sucrose (“cane sugar’’) in sufficient quantities to 
make up 20 per cent of their fresli weight. 

Lpon hydrolysis sucrose yields etiuiinolar C]uanlities of a D-glucose 
and g. D-fructose. Following is the structural ftirinula of sucrose: 


C~ 


CH.OH 
C 


CH2OH 


-o 


H 


H 

C 


O 



H 


C 

I 

OH 


H 

I 

C 



OH 


C 

I 

H 


C 

I 

CHjOH 


J he left-hand portion of the molecule is derived from tiie i)yranosc ring 

form of glucose and the right-hand portion from the furanosc ring of 
fructose. 

Maltose is a reducing disaccharide which is widely distril)uted in plants 

hut is seldom present in more than small amounts. It yields two molecules 

of D-glucose upon hydrolysis. Maltose is jiroduced by tlie action of the 

amylase enzymes on starch (see later ». It is, therefore, commonly found 

m germinating seeds of cereals and in other tissues in which starch is being 
digested by amylases. 

Cellnbiose is a reducing disaccharide which is produced from cellulose 
by the action of the enzyme cellulase. Upon hydrolysis it yields two mole- 
cules of gluco.se. Cellobiose differs from maltose in that it is formed by 
the condensation of two molecules of (5 n-glucose, while a molecule of 
niiUtose results from the condensation of two molecules of a D-glucose 

Trehalose is a nonreducing disacchari.le found in fungi in which it con- 
stitutes an important food rcsci vc. 

other disacchai ides found in i)lants are listed in Table 29 

Tri- and Tetrasaccharides.-Trisaccharides are sugars with the molec- 

ai oimula C, JlaoO.^. Raffinose is a nonreducing trisaccharide present 
m small quantities m many of the higher plants and in fungi. It is found 
m appreciab e quantities in cotton seeds and sugar beets. Upon com,ilete 
hydrolysis i yie ds one molecule each of D-galactose, D-glucose, and 
D- ructose. Partial hy.lrolysis may yield either fructose and melibiose, or 
galactose and sucrose, deiiending upon the enzyme used 

The tiLsaccharide gentianose has been found in the roots of the yellow 
gentian (Gentiana lutea). Upon partial hydrolysis it yields one molecule 
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each of fructose and gentiobiose; upon complete hydrolysis one molecule 
of fructose and two of glucose. Melezitose is a very sweet trisaccharide 
which has been found in the exudates of certain trees, especially some 
conifers such as the European larch and Douglas fir. Upon complete hy- 
drolysis this sugar yields two molecules of glucose and one of fructose. 

The only known tetrasaccharide is stachyose (C24H42O21) which has 
been isolated from the roots of the hedge nettle {Stachys tubifera). Upon 
complete hydrolysis this carbohydrate yields one molecule of glucose, one 

of fructose, and two of galactose. 

The Polysaccharides. — The polysaccharides are complex carbohydrates 
of high molecular weight. They are condensation products of monosaccha- 
rides, or of close derivatives of monosaccharides. Large numbers of these 
simpler molecules are coml)ined in the formation of one molecule of a 
polysaccliaride. Some polysaccharides are built up solely out of the mole- 
cules of one kind of sugar. Starch and cellulose, for example, are both 
condensation products of D-glucose. Otlier polysaccharides are built up 
from two or even more different kinds of molecules of sugars or relate 
compounds. This more com|)lex type of stnicture is characteristic, for 
example, of the gums and mucilages. The polysaccharides are not swee 
like the sugars and th(‘y are not soluble in water. Some, such as the pectic 
compounds^ are extremely liydrojihilic, readily forming colloidal sols an 


gels. , u + of 

1. The Pentosans.— These compounds are the condensation products 

pentose sugars. The best known pentosans are the arabans and xy ans.^ 
The molecules of these compounds apiiarently consist of long 
arabinose or xylose residues, similar in structure to cellulose mo ec 
described later. Arabans and xylans apparently occur principal y m 
coll walls of plants. Arabans are often closely associated wi ^ P 
compounds in cell walls. In some species, such as the cacti, ^ 
important constituents of the mucilaginous materials presen in 
and contribute largely to the h ydrophi lic properties o sue su 
Arabans are one of the constituents of cherry, peach, and ^ , 

while xylans are found very commonly in wood, straw, cornc , 
seed coats. Xylans may constitute as much as 25 per cent of 

tissues of some trees. svnthe- 

2. The Hexosans . — The important polysaccharides w ^ 

sized in plants from D-glucose are cellulose, of the 

Cellulose is the principal constituent of the cell walls b^bly 

higher plants (Chap. IV). In terms of absolute ^ . of the 

the most abundant organic compound present on the eart _ ousted 

cellulose as it occurs in the plant is in intimate mixture wi , 
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by, other materials. Some fibers, however, such as those of the cotton 
plant, are practically pure cellulose. 

Cellulose “molecules’" are long, ribbon-like structures. These chain-like 
molecules are built up by the linear condensation of p D-glucose molecules 
Each cellulose molecule consists of a chain of at least 1000 and probably 
many more glucose residues linked together by oxygen bridges; 
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Chemically cellulose is relatively inert, being insoluble in water and 
all organic solvents. One of the few liquids which will dissolve it is an 
arnmoniacal solution of copper hydroxide (Schweitzer’s reagent). Concen- 
trated sulfuric acid will gradually hydrolyze cellulose into glucose, while 
dilute sulfuric acid causes it to swell and converts it into “hydrocellu- 
lose.” In sodium hydroxide solutions of about 15 per cent, cellulose swells 
also producing a “hydrocellulose”; this effect is the basis of the process 
of mercenzation. Stepwise hydrolysis of cellulose results first in the pro- 
duction of cellobiose, a disaccharide, each molecule of which is in turn 
hydrolyzed into two molecules of glucose. 

Cellulose-digesting enzymes are present in many bacteria and molds 
and m some invertebrates, but not in the higher plants or animals A 

bacteria and molds contain the enzyme cellulase 
which hydrolyzes cellulose to the disaccharide cellobiose. Virtually noth- 
ing is known of the chemical mechanism of cellulose synthesis in plants 

Starch IS the inost abundant hexosan, next to cellulose, occurring in 
plants. It is found throughout the vegetative tissues of most species of 
green plants and often accumulates in large quantities in storage organs 

In plants starch is always synthesized in chloroplasts or leuconlasts 

th^'chCfalTre uZi'/3 
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grains vary greatly in size ilroin 1-150 g in diameter) and number in 
different cells, hut their shape is so neai’ly constant for a given species 
that the plant source of the starch in flour can often be determined by 
examining a small sami)le under the microscope (Fig. 105). 

Commonly starch grains ap])ear to he hiiilt up of a number of layers 
of lamellae which have heiai flepositerl about a central locus. The lamellae 
probably represent diffei'ent degrees of compactness (Frey-A\'yssling, 
1948) ot the starch molecules making up the grain. The innermost parts 
of each lamella apparently aiv denser than (he outer portion, and it is 



C 0 

Fig. 105. Starch grains: (rl) from potato tuber, (B) from bean seed, (C) from 

com (maize) grain, (/)) from wheat grain. 

this regular variation in density which causes the laminated appearance 
of the grain. Starch grains formed under continuous illumination lose all 

appearance of lamination (Radenhuizen, 1937). 

Starch consists of two components, amylose and amylopechn, which 
differ in their physical properties. The former is more water soluble an 
less viscous in solution than tlic latter. Amylose gives an intense blue 
reaction with I^KI solution; amyIoi>eetin a liglit blue-violet color. 

The percentages of amylose anri amyloj)eetin differ widely in stare 
from different kinds of plants. Waxy starch, found in certain varieties o 
maize and other cereals, is compo.scd wholly of amyloi>ectin, while stare 
from some varieties of peas may he 60-70 f>cr cent arnylosc. About 20 3 
per cent of the starch of most species of plants is amylose. 

Both components of starch are condensation i)roflucts of a n-glucose. 
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Amylose consists solely of straight chains in which glucose molecules in 

the pyranose form are linked together between carbon atom 1 cf one 

molecule and carbon atom 4 of the adjacent molecule, a molecule of water 

% 

being split out. Each straight chain molecule of amylose is built up of 
300-1000 glucose residues. 

Amylopectin molecules are larger than those of amylose and have a 
multiple-branched rather than a straight chain structure. Straight chains 
are constructed as in amylose, but there also exist many side chains in 
which carbon atom 6 of certain glucose residues is linked with carbon 
atom 1 of other glucose residues, thus giving rise to a branched structure: 
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Each branch chain of an amylopectin molecule may in turn bear other 
side chains. A diagrammatic representation of the structure of an amylo- 
pectin molecule is shown in Fig. 106. 

Glycogen (sometimes called animal starch) serves as a storage carbo- 
hydrate in animal tissue, being especially abundant in the muscles and 
liver. It is found in some species of fungi and bacteria, but rarely occurs 
in the higher plants. A compound very similar to glycogen has been iso- 
lated from Golden Bantam sweet corn. Glycogen consists entirely of 
branched molecules in which glucose residues are linked through 1-4 and 
1-6 carbon atom bonds, much as in amylopectin. Glycogen, like starch 

(see later) is hydrolyzed to maltose by the combined action of a and ^ 
amylases. 

The only well-known fructosan is inulin which is accumulated as a 
storage product in a number of plants, especially members of the com- 
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posite family. Some species in which inulin is found are the dahlia, chick- 
ory, salsify, dandelion, Jerusalem artichoke, and goldenrod. Inulin is 
seldom if over found in the aerial organs of plants, but may constitute 
as much as 15 per cent of the dry weight of some underground parts. 
Some species (Jerusalem artichoke} accumulate starch in the aerial parts, 
hut inulin in the underground portions. Inulin is a white powder-like 
compound which forms colloidal sols in water. It is dispersed in the cell 
sap of those ceils in which it accumulates and can be precipitated as 
crj'stals in the cells by immersing them in alcohol. Inulin is hydrolyzed 




F'lo. 106. Diagrams showing arrangement of a D-glucose residues in an amylose 

molecule (above) and in an amylopectin molecule (below). 

in plants to D-fructose by the enzyme inulase. Other plant fructosans 

are discussed by Archbold (1940). 

Mannans are found commonly in the wood of coniferous trees and as 
cell-wall constituents of the endosperms of some kinds of seeds. 

Galactans are commonly associated with the pectin compounds in cell 
walls. 

H eviicelhdose is a widely used, but ill-defined term emi)Ioyed to refer 
to certain polysaccharides found in the cell walls of plants. This blanket 
designation includes xylan, mannans, and galactans, already mentione , 
together with a number of similar, but less common, polysaccharides. 
Hydrolytic products of hemicelluloses include D-glucose, n-glucuronic 
acid, D-xylose, n-galactosc, D-galacturonic acid, L-arabinose, and n-man- 
nose. The hemicelluloses present in many seeds arc used as food by the 



THE POLYSACCHAKIDKS 


379 


young seedlings during genninution. Compounds of tliis typ(‘, altliough 
cell-wall constituents, may tliertd’ore serve as reserve foods. The liemicellu- 
loses fo\md in the cell walls of the woodv tissues of some trees, as for 

V 7 

example the apple tree, also serve as reserve food which is digested and 
utilized when growtii of tlie stems is resumed in the sjjring. 

3. Pectir Compounds . — Three principal tyj^es of j>ectic compounds are 
recognized as occurring in plants: ]iectic acid, pectin, and lu’otopectin. All 
of these compounds are important constituents of the cell walls of plants. 

Pectic acid is the simplest of these three compounds and most of our 
knowledge of the chemical comj^osition of the pectic compounds lias been 
derived from studies of pectic acid. This comi>ound appears to he a long 
straight chain molecule built up by the condensation of a large number 
(about one hundred) of 2 galacturonic acid molecules. The structure' of 
a galacturonic acid molecule is tiic same as tliat of a galactose molecule 
except that carbon 6 is in a carboxyl ( — group instead of in a 
— group as in the latter comimund. The arrangement of the galac- 
turonic acid residues in a molt'cule of pectic acid is indicated in the fol- 
lowing diagram: 
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Pectin differs from pcctic acid in that many of the carboxyl gioups of 
the i)cctic acid have been esterified with metliyl proui)s and tliat tlie 
number of galacturonic residues |)er chain is greater. Pe’etin forms viscous 
colloidal sols in water which “set” into firm gcls'undcr iiropcr conditions. 
Among these are the jiresencc of a dehydrating agent such as a high 
concentration (65-70 jier cent) of sugar. Household jellies owe their 
“gelling” iiropcrty to the pectin derived from the fruits. Neither proto- 
jiectin nor jiectic acid forms gels, an<l for this reason over-ri]ie fruits (in 
which much of the pectin has been converted into pectic acid) are less 
satisfactory for making jellies tiian green or immature fruits. Because of 
its usefulness in making fruit jellies, jrectin is extracted from fruits on a 
commercial scale. As much as 35 per cent of the drv weight of lemon rind 
and 10-15 per cent of the dry weight of crushed apple fruits may be pectin. 

Protopectin differs from iiectin in having a still greater length of the 
molecular chain. Protoiiectin occurs in the middle lamella where it serves 
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to bind the cell walls of the tissue firmly together. It also make* up a 

portion of the primary cell wall where it seems intimately associated with 

cellulose and often with lignin. Protopectin is insoluble in water. During 

the npening of fruits, protopectin is converted into “soluble” pectin and 

the cells of the tissue are no longer held firmly together. It is this conver- 

Sion of protopcctin into pectin that is responsible for the softening of 
many fruits during ripening. 

The pectic compounds, because of the presence of carboxyl groups, 

lorm salts and the calcium salt is an important constituent of the middle 
lamella of plant cell walls. 

Several enzymes are known which catalyze reactions in which pectic 

compounds arc broken down into simpler ones. Protopectinase converts 

l)rotopcctin mto pectin. Pectase dc-csterifies pectin,' resulting in the 

foimation of pectic acid and methyl alcohol. Pectinase hydrolyzes pectic 

acid into galacturonic acid. This enzyme may also act on some pectins 

and on pectates. All of these enzymes are found in the higher plants and 
in many bacteria and fungi. 

Piactically nothing is known of the sjmthetic processes whereby the 
pectic compounds arc built up in plants. 

4. Gu77is and M^icrlages. — These are complex kinds of carbohydrates 
which resemble in some respects the pectic compounds and so-called 
hemicelluloses. The gums and mucilages cannot be sharply differentiated 
from each other. 

The gums appear to have a branched chain molecular structure which 
has been built up by condensation of various pentoses, hexoses, and acids 
derived from such sugars. Hydrolytic products of the gums include 
L-rhamnose (a methyl pentosan-hexosan) , L-fuctose (a methyl pentose), 

L-arabinose, D-mannose, D-galactose, D-galacturonic acid, and o-glucu- 
ronic acid. 

Gum arabic (gum acacia), an exudate from an African species of 
acacia, is a well-known example of a gum. This compound is actually a 
salt in which calcium, magnesium, and potassium have replaced some of 
the hydrogens on the carboxyl groups. Other gums include gum traga- 
canth from Asiatic species of Astragalus, and the familiar gums which 
exude from the stems of cherry, plum, and peach trees. 

The molecular structure of the mucilages appears, in general, to be 
similar to that of the gums. Examples of this kind of polysaccharide 
include the mucilage from the bark of the slippery elm {UlTnus fulva), 
the mucilage which coats the surface of flax seeds, and certain polysac- 
charides which accumulate in the seeds of some legumes such as the carob, 
locust, and honey locust. 

5. Amino-hexosans . — The only well-known carbohydrate of this group 
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is chhn which occurs in some fungi and in many invertebrates, especially 
insects. The structure of chitin is analogous to that of cellulose except that 
the structural unit is not glucose, but a molecule in which the — OH group 

of carbon 2 has been replaced by an acetylamino ( — NH — (’0 CU:^) 

group. 

Carbohydrate Transformations in Plants. — TIutc arc many lin('S of evi- 
dence which show tliat transformations of one kind of carbohydrate 
molecule to other kinds are continually and rapidly in progn’ss in physio- 
logically Active cells. Utilization of carbohydrates in the synthesis of 
fats, proteins, and other compountis is also constantly going on in such 
cells, but consideration of such transformations will he deferred to later 
chapters. Exi)eriments in which detached leaves have been artificially 
supplied with various kinds of sugars show that one kind of sugar can In* 
converted into another in plant cells. Sucrose, for examide. is synthesized 
in barley leaves f^IcCrcady and Hassid, 19411 and sorghum and cotton 
leaves (Leonard, 1939) which are supplied artificially with glucose, fruc- 
tose, or certain other monosaccharides. 

Experiments vith albino plants also furnish e\'iflencc of the ready 
conversion of one kind of carbohydrate to others. Such chlorophyll- 
jacking plants usually starve to death within a few wt'cks after germina- 
tion as soon as the foods in the seed have been used up. Albino maize 
plants, however, have developed to maturity if the leaves are artificially 
supplied with sucrose (Spoehr, 1942). The cells of the albino maize plant 
are able to use sucrose as the starting point in the synthesis of all of the 
many organic compounds in the plant. Cellulose," starch, and hexo.se 

sugars were among the carbohydrates formed from the sucr()se artificially 
supplied to the leaves. 

Some of the more important reactions in whirli carbohydrates are 
known to participate in living cells will now be considered. Many of these 
reactions involve the conversion of one kind of carhohvdratc into another 

Formation of Phosphate Esters— One of the commonest and meta- 

bohcally most fundamental of the reactions of the sugars is the formation 

of phosphate esters. Such esters serve as the substrate of respiration 

(Chap. XX Dv^nd are involved in various reactions in which one kind 
of carbohydrate is converted into another. 

A primary hexose ester is glucose-6-phosphate, a compound in which 
a phosphate group is attached to carbon atom 6 of glucose. This com- 

trinlnhSf adenosine 

triphosphate (ATP) to glucose, resulting in the formation of glucose-6- 
phosphate and adenosine diphosphate (ADP). The role of the adenosine 
phosphates IS discussed in greater detail in Chap. XXII. This reaction is 
essentially irreversible and is catalyzed in animal^ues and in yeasts 


382 


CARBOHYDRATE METABOLISM 


by the enzyme hexokinase. This enzyme has not yet been isolated from 
the cells of higher plants but there is little dcaibt that it, or some similar 
enzyme, is j^resent. Olucose-6-phosphate can be broken clown into glucose 
and inorganic phosphate by a phosphatase enzyme. This reaction is irre- 
versible. 


Migration of the phosphate group so that it is attached to carbon atom 
1 instead of carbon atom 6 of glucose results in the formation of glucose- 
l-I)hospiiatc\ This reaction, which is reversilile, is catalyzed by the 
enzyme phosphoglucomutase, wliich occurs in both plants and animals. 

Ihider the influence of the enzyme phosphohexose isomerase glucose-6- 
phosphate is converted into its isomer fructose-6-phosphate. This reac- 


tion is reversible, and the enzyme involved has been found in the higher 
plants. This is the only reaction known to occur in plants whereby glu- 
cose and fructose are intercon verted. Fructosc-6-phosphate can also be 
formed from fructose and ATP in a manner analogous to that by which 
glucose-G-phosphate is formed. Irreversible breakdown of fructose-6- 
phosphate into fructose and phosphate can be accomplished by a phos- 
phatase enzyme. 

Still another common transformation in living cells is the conversion 
of fructosc-6-phosphate into fructose-1, 6-diphosphate. Fructo8e-6-phos- 
phate reacts with ATP in such a way that phosphate groups are trans- 
ferred from the latter compound to the former. The end products of the 
reaction arc fructose-1, 6-diphosphate and ADP. This reaction is cata- 
lyzed by the enzyme phosphohexokinase and does not appear to be 
reversible. Action of a phosphatase on this compound converts it back to 


fructose-6-phosphatc with the release of inorganic phosphate. 

Synthesis and H ydrolysis of Sucrose, — As previously discussed, sucrose 
synthesis occurs during or immediately following photosynthesis in many 
chlorophyllous cells. Synthesis of sucrose can, however, occur entire y 
independently of photosynthesis. This sugar is readily synthesized, or 
example, in detached leaf blades infiltrated with glucose or fructose an 
kept in the dark. Sucrose synthesis does not occur in the absence o 
oxygen (McCready and Hassid, 1941). In the bacterium Pseudomonas 
saccharophila it has been shown by Hassid et al. (1944) that sucrose 
synthesis is accomplished according to the following reaction. 


Glucose-l-phosphate -f- Fructose - t . Sucrose -f- Phosphate 

This reversible reaction is catalyzed by sucrose phosphorylase. The exact 
mechanism of sucrose synthesis in the cells of higher plants is not known, 
hut it is probable that it occurs by this reaction or one similar to it. 
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Hydrolysis of sucrose into glucose and fiiictose is accomplished by the 
enzyme sucrase, but this reaction is apparently not reversible. 

Synthesis, Phosphorolysis, and Hydrolysis of Starch,— Certain general 
aspects of the process of starch synthesis discussed in Chap. XVIII will 
now be supplemented by a more detailed consideration of its mechanism. 
As first clearly shown by Hanes (1940a, 1940b), starch is synthesized in 
plant cells from glucose-l-phosphate under the influence of the enzyme 
ci-glucosan phosphorylase. The nature of the reaction between two of tlie 
reacting molecules is indicated in the following diagram: 
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Phosphoric acid is formed by the reaction between an OH group of one 
molecule and the H 2 PO 3 group of another, as indicated. The two glucose 
residues, one of them still phosphorylated, are then linked together by an 
oxygen bridge. The glucose-l-phosphate molecules which participate in 
this reaction are very probably derived from molecules of gIucose- 6 - 
phosphate. Hundreds of glucose-l-phosphate molecules must be combined 
m this manner in the synthesis of a single starch (amylose) molecule 
The plastids in which starch grains are formed have been shown to be 
centers of phosphorylase activity (Yin and Sun, 1949). In actively respir- 
ing cells the phosphate released in this reaction is quickly utilized in the 
resyntliesis of adenosine triphosphate. 

The same phosphorylase which catalyzes the synthesis of starch also 

catalyzes the reverse reaction whereby starch is converted into elucose- 1 - 

phosphate. The cleavage of the starch molecule is accomplished by linking 

morgamc phosphate groups to the bonds between the glucose residues of 

the molecular chain. ?so water enters into this reaction, the process being 

a phosphorolysrs rather than a hydrolysis. The energy change involved in 
this reversible reaction is very small. 

starch is hydrolyzed into dextrins and maltose by amylases The two 
prmcpal enzymes of this type are .-amylase and f-amylLe. The toler 
hydrolyzes stareh to dextrins; the latter hydrolyzes the amylose fraeTon 

^Lurto de™ nT'TLs*''' T'”""''" “"'i 

partly dextnns. These reactions are not reversible. Other enzyme.s 
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apparently convert dextrins into maltose, and this sugar is liydrolyzed to 
glucose by the enzyme maltase. 

The carbohydrate transformations discussed in this section are indi- 
cated schematically in Fig. 107. 

Some Factors Influencing Carbohydrate Transformations in Plants — 

The rate and direction of various carbohydrate transformations occurring 
in plants are known to be influenced by a number of factors. Some of the 
better known of these effects will now be considered. 

1. Temperature— ho\y temperatures in general favor the sfarch-to- 
Eugar transformation in plant cells. This fact is illustrated by the seasonal 
behavior of the carbohydrates in the leaves of evergreen sjiecies and. in 
woody stems (Winkler and Williams, 1945; and others) in regions where 
low winter temperatures prevail. During the colder months of the year 



Fi(i. 108. 


Seasonal variations in the o.^motic prcvsnre of the leaves of evererc'ens 

of Gail (192()). 


soluble carbohydrates accumulate in the cells of such tissues at the 
exj)ense of starch, whde during the warmer months the reverse situation 
prevails. Correlated with the.se seasonal shifts in the starch soluble 
earl, ohy, Irate equilibrium are sea.sonal variations in the osmotic pressure 
of the cell saj). Mnlwinter osmotic pre.ssure of the cell sap of such tissues 
IS often as much as twice as high as midsummer values (Fig 108) 
Another interesting example of a shift in the starch-sugar equilibrium 
witl, temperature occurs in potato tubers (Hopkins, 1924). If stored at 
too low a emperature a gradual accumulation of sugars (principally 
^icrose) wil occur m the tubers at the expense of the starch present 
us accounts for the sweet taste which is sometimes found in potatoes 
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purchased on the market. Contrary to popular opinion this sweetening is 
not necessarily a result of freezing of the tubers, since it has been found 
that temperature of the inception of sugar accumulation is about 5® or 
6°C. (41°-43°F.). Storage of potatoes at temperatures in this range just 
above the freezing point will therefore induce sugar formation in the 
tubers. 

Starch-to-sugar transformations in the potato tuber are activated prin- 
cipally by a phosphorylase (Arreguin-Lozano and Bonner, 1949). At low 
temi)erature glucose-1 -phosphate accumulates in the tubers in detectable 
quantities, but it is absent at higher temperatures. Glucose-6-phosphate 
and fructose-6-phosphate are both present in the tubers over a wide range 
of temperatures, but the proportion of the latter to the former is much 
greater at temperatures approaching zero than at higher temperatures. 

Apparently it is only in a zone of intermediate temperatures that starch 
formation at the expense of sugars is favored in potato tubers, as rela- 
tively high temperatures (35°-45°C.) also appear to favor hydrolysis of 
starch to sugar. It is possible, however, that this shift in equilibrium 
toward sugars at the higher temperatures is a result of the reduction in 
water content which may be induced by such temperatures (Wolff, 1926). 

Similar effects of temperature on carbohydrate equilibria are shown by 
other species. In sweet potato roots sucrose accumulates rapidly 
expense of starch at temperatures below a critical range of 13 -16 
but above this range most of the stored carbohydrates remain in t ie 
form of starch (Hopkins and Phillips, 1937). In ripening banana Jruits 
hydrolysis of starch occurs rapidly at temperatures between 21° an ^ 
26°C. but there is practically no starch hydrolysis at 10°C. It is 
that the critical temperature ranges for hydrolysis and synthesis o s arc 

vary greatly according to species. . 

2. Tracer Content.— In wilting leaves much of the starch 

converted into sugars (Molisch, 1921; Ahrns, 1924; Spoehr^an ^ 

1939). A relatively high water content apparently favors 
in the leaf tissues of many species, while a severe reduction m va , 
tent induces a conversion of starch into sugar. Sucrose, as we 
sugars, accumulates during wdlting. That many species o 
accumulate sugars rather than starch under drought con i i 
already been pointed out in Chap. XV. In certain succu en p an ’ 
as cacti, desiccation favors the accumulation of polysacchari es, 
than soluble sugars (Spoehr, 1919), so evidently no single 
ciple regarding the influence of the w'ater content of the cells upo 

hydrate equilibria within them can be formulated. ^ 

3. H-ion Concentration .- — The action of enzymes is very sens _ 
the H-ion concentration of the medium wherein they opera e 
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XVI). Since most of the carbohydrate transformations occurring in plants 
are catalyzed by enzymes, the pH of the medium in which these reactions 
occur may have an important effect upon the rate of these transforma- 
tions. Apparently the pH of the medium may influence not only the rate 
of an enzymatic reaction but may also influence its direction. The re- 
versible carbohydrate transformations occurring in the guard cells of the 
stomates are a well-known example of this effect. 

4. Concentration of Sugars. — Theoretically, a high concentration of 
sugars in a cell would favor starch synthesis, and vice versa. The day- 
time accumulation of starch in green leaves which are photosynthesizing 
rapidly apparently results from the maintenance of a relatively high 
concentration of sugars in the cell sap, since under conditions unfavorable 
for rapid photosynthesis the accumulation of starch is greatly reduced. 
During the hours of darkness, when a high sugar concentration of the 
cells is no longer maintained by photosynthesis, the accumulated starch 

is rapidly reduced in amount by transformation to sugars, in which form 
it is translocated out of the leaf. 

The Glycosides. — These are compounds formed by a reaction between 
a sugar (most commonly glucose) and one or more compounds which are 
non-sugars. All glycosides may exist in two forms, a or but all of those 
known to occur in plants are of the ^ type. Although of widespread occur- 
rence in plants the glycosides are never present in large quantities. They 
may be found in almost any part of the plant. In a pure state they are 
mostly levorotatory, crystalline, colorless, bitter, and soluble in cither 
water or alcohol. All p-glycosides can be hydrolyzed by the enzyme 
emulsin or by ddute mineral acids. A large number of different glycosides 
have been isolated from plant tissues. Their role in the metabolism of 

plants, if any, is obscure although it is possible that they may serve in 
a minor way as storage foods. 


Several representative glycosides will be discussed briefly in order to 
indicate more clearly the general nature of these compounds 

Sah^n IS found in the bark and leaves of the willow tree. Upon hydroly- 


O U r\ r TT Emulsin ^ /CH2OH 

Ci,H,0, -f H.0 C.H4< + CeH,,Oe 


Salicin 


X)H 

Saligenol 


Glucose 


benzaldehyde; ^ hydrocyanic acid, and 
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C2nH27NOn + 

Amygdalin 


2 H2O 2 CeHijOs 

Glucose 


+ HCN + 

Hydrocyanic 

acid 


CeHsCHO 

Benzaldehyde 


Similar cyanogenetic glycosides occur in other plant materials such as 
the leaves of cherries and peaches and in Sudan grass and other sor- 
ghums. Under certain conditions domestic animals may he poisoned from 
eating plant materials containing such glyco.^ides. Such jmisoning results 
froiii relea.se of hydrocyanic acid upon hydrolysis of the glycoside. 

Smigrin is called the mustard oil glycoside. It is found in the black 
mustard {Brassica nigra) and is hydrolyzed as follows: 


CioHi6()9NS2K 

Sinigrin 


+ IIoO 


I':niul.<dn 


> CJIsC'NS + 


Ally! {.‘jothio- 
cj’anate ("Mustard 
oil") 


C 6 II 12 O 6 

Glucose 


+ KHS()4 

Potas.‘'iurn 

hydrogen 

sulfate 


The Anthocyanins. — Most of the red, blue, and purple pigments of i)lants 
belong to the group known as the anthocyaruns. These compounds arc 
glycosides which have been formed by a reaction between a sugar and 
one of a group of complex, cyclic compounds known as the antho- 
cyanidins. Known sugar components of the anthocyanins arc glucose, 

galactose, rhamnose, and gentiobiose. 

A number of chemically different anthocyanins have been isolated 
from seed plants in which they arc of widespread occurrence. They are 
also present in some species of ferns and mosses, but no anthocyanins are 
known to occur in the algae or fungi. The anthocyanins arc water-soluble 
and are usually dissolved in the cell sap, the cytoplasmic membranes 
being impermeable to them. Less commonly these pigments aie foun m 
plant cells in the form of crystals or amorphous solid bodies. Red pig 
mentation caused by anthocyanins is of freciuent occurrence in flowers, 
fruits, bud scales, developing leaves, and less commonly, in stems, mature 
leaves (red cabbage, copper beech, red coleus, etc.) and other plant par s 
The reds and purplish reds of autumn foliage also result from the presenc 
of anthocyanins. Blue and purple pigmentation caused hy anthocyan 

is largely restricted to flowers and fruits. 

Anthocyanin pigmentation, especially of flow(*rs, is a very comp 
nomenon. Factors affecting the color of i>lant tissues resulting ro ^ 
anthocyanins include the concentration of the |)igmcnt present, tie pro^ 
portions of the different pigments when two or more are present in 
cells, the modifying effects on color of the presence of other su )S anc ^ 
such as tannins and anthoxanthins (see later), the physical state 0 
anthocyanins (whether in solution or adsorbed), and the pH of ^ 
sap (Blank, 1947). Practically all anthocyanins are red in acid so u 10 
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and many of them change in color through violet to blue as the pU of 

the medium increases. Because of the modifying effect of other factors 

listed above, however, this relation often does not show up in a clear-cut 
fashion. 


Although anthocyanin pigments have been studied extensively in the 
laboratory from the chemical standpoint, very little is known of the mode 
of their formation in plants. The genetic capacity for anthocyanin syn- 
thesis differs considerably from one kind of plant to another.' Extensive 
in% estigations have been made of the inheritance of anthocyanin pigmen- 
tation, particularly in relation to the coloration of flowers (Scott-Mon- 
crieff, 1939; Lawrence and Price, 1940). Synthesis of anthocyanins will 
not occur in a plant, however, even if the necessary genes are present, 
unless environmental conditions are also favorable. The formation of 
anthocyanins seems to be commonly associated with accumulation of 
sugars m plant tissues. Any environmental factor such as high light in- 
tensity, low temperature, drought, or low nitrogen supply, which favors 
an increase in the sugar content of a given plant tissue, often favors 
synthesis of anthocyanin in that tissue. (In the other hand, environmental 

factors which check the formation or accumulation of sugars often have a 
similar effect on anthocyanin synthesis. 


'■ in some plant tissues. 

Autumnal red coloration, for example, usually develops its full intensitv 
only in leaves which are directly exposed to liglit. Arthur (1932, 1936) 
showed that all visible wave lengths uf) to about 600 miA are effective in 
inducing anthocyanin synthesis in apple fruits picked green in the late 
summer, although the shorter wave lengths in this range are more effec- 
tive than the longer ones. The 290-313 m.a range in the ultraviolet 'is 
more effective than any of the visible wave lengths. In some species 
anthocyanins are synthesized in the absence of light. This is true for 
example, m etiolated seedlings or red cabbage and in the roots of a num- 
ber of species, of which the beet is the moi^t familiar 

The Anthoxanthins.-Expo.mre of the petals of almost anv white flower 
o ammonia \apor will cau.se them to turn yellow. This is Iiecause of the 
presence in such tissues of what may be regarded as a colorless' fo™ of 
one of the antho.ar, thins. These compounds are chemicallv quite ZilL 

Mo r >n plants in the form of glvcosides 

Mos of the anthoxanthins arc colorless or nearlv so as they occur in the 

plant but upon extraction and treatment in various wavs their tvpical 

ye low or orange color develops. Like the anthoevanins ‘thev are wa r 
soluble, and arc u.sualiv found in flic eel] Tn ‘ i 1 . . 

anthoxanthins present 'are yelloV in co lo TI "'n' ' ' 

inner bark of the black oak (Owere?/ • 7 / r pigment in the 

[ ^^uercui, telutuia) is an anthoxanthin called 
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qicercitrin. Similar pigments occur in the wood of various other species 
(osage orange, sumac, etc.)> and in certain fruits (oranges). Some flowers, 
as for example yellow snapdragons, owe their yellow color to anthoxan- 
thins. The color of most yellow flowers results, however, from the plastid 
pigments carotene and the xanthophylls. 

Autumnal Leaf Coloration. — The most spectacular display of pigmenta- 
tion in the plants of temperate regions is the annual autumnal coloration 
of leaves, especially of woody species. The “turning” of leaves in the 
autumn is not a result, as is commonly believed, of the effects of frost. 
In fact, early frosts w'ill greatly reduce the abundance and brilliance of 
the autumn leaf colors by killing or severely injuring the leaves before 
the pigments reach their maximum development. The sequence of events 
leading to the coloration of loaves in the autumn seems to be about as 
follows: In late summer or early autumn chlorophyll synthesis in the 
leaves ceases, while the destruction of the chlorophyll already present 
apparently proceeds at an accelerated rate. As the chlorophyll disappears 
the residual yellow plastid jugments — carotene and xanthophylls become 
apparent. The yellow color of the leaves of many species at this season, 
as for example, the tulip polar, sycamore, and birch, is a result of the 
disappearance of the chlorophyll which has masked the presence of the 
yellow pigments during the summer season. The golden yellow effect pro- 
duced in some leaves, such as those of beeches, results from the presence 
in the cells of a brownish pigment, probably a tannin, in addition to the 

yellow pigment. 

The more prominent colors in most autumn landscapes, however, are 
the various shades of red and purplish red which develop in 
of such species as the red maple, many oaks, sumac, dogwood and ac 
gum. These result from the synthesis of anthocyanins in the lea ce s 
of such species. Autumnal development of anthocyanins is favore 
periods of bright, clear, dry weather, during which cool, but not freezing 


temperatures, prevail. 

These are a rather heterogeneous group of complex 



lanninb. aiv a 

pounds of widi'sprcad occurrence in plants. Very little is known o 
physiological lole in plant tissues, but they are of importance com - 
cially because of their property of fonning an insoluble colloida c 

pound (leather) with the hides of animals. Some j,ed 

hydrolyzed by acids or by any known enzyme, others may be hy ^ 
and yield complex acids, a sugar, commonly n-gluco.se, 
other substances. The proportion of sugar found in the hydroly i ^ . 

nets of the tannins is relatively small. While the tannins may be reg 
as remotely related to the glycosides, their properties are dis me 
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compared with the glycoside type of compound, and they must be con- 
sidered as a separate class of substances. 

Tannins vary greatly in amount from one species to another. They 
are sometimes present in the cell sap but are of more frequent occurrence 
in the cell walls, often accumulating in very considerable amounts in 
dead tissues. Tannins are found in the leaves of many species such as 
tea (15 per cent of the dry weight) oaks, and many conifers. The woody 
tissues of many species contain tannins. The bark of oaks, chestnut, 
hemlock, sumac, and other species is very rich in tannins. In some species 
of oak they may compose as much as 40 per cent of the dry weight of 
the bark. Unripe fruits of some species (persimmon, plum, etc.) contaih 
relatively large quantities of tannins. 
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DISCUSSION QUESTIONS 

1. Why does sweet corn lose its sweetne.^s .‘^oon after being picked? 

2 . Why should bananas not be kept in a refrigerator^ ivalted 

3. Wild cherry leaves are much more poisonous to cattle after they have 

than when they are fresh. Exj>Iain. nhlocm 

4 . What, in general, will be the effect of girdling a stem through ^ 

on the time of appearance and the intensity of red color in leaves ot 
which anthocyanins are synthesizefl ? 
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5. Heavy fertilization of red coleus plants with nitrogenous fertilizer greatly 
decreases the red color of the leaves. What is a probable explanation? 

6. Why are the leaves of some species, such as the black cherry, usually yellow 
at the time of falling if they drop from the tree during a midsummer drought, but 
generally red at the usual time of abscission in the autumn? 
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When seeds germinate in a dark room, the total weight of the develop- 
ing seedlings increases for a number of days, but their dry weight con- 
sistently decreases. This can be shown by calculating the dry weight of 
the seeds at the time of planting from a water content determination of 
other seeds from the same batch and determining the dry weight of the 
resulting seedlings after they have been allowed to develop for several 
weeks. For example, Boussingault found many years ago that the dry 


weight of ten pea seedlings allowed to develop in the dark was 1.076 g. 
while the dry weight of the original seeds was 2.237 g. In other words, 
1.161 g. or 52 per cent of the dry substance initially present in the seeds 
disappeared during the course of the experiment. By chemical analysis it 
can be shown that the loss of dry weight of seedlings growing in the 
absence of light results entirely from the disappearance of a portion of 
the stored foods in the seed. The gain in total weight of such seedlings 
is a consequence of the absorption of water which occurs during the earl> 
stages of germination in quantities far surpassing any loss of dry weight 
resulting from the disappearance of foods. The quantity of mineral salts 
absorbed by young seedlings in the course of a week or two is usually too 
small to have any appreciable effect upon either their dry or total weight. 

If seedlings developing in the dark are enclosed in a chamber which is 
constructed so that a slow, continuous stream of air can be passed throug 
it, and frequent analyses made of the air, it can be demonstrated that 
the air emerging from the chamber contains a lower percentage of oxygen 
and a higher percentage of carbon dioxide than the air which entere 

Furthermore, if such seedlings are enclosed in a calorimeter, and 
suitable precautions taken which will be described later, it can also e 
shown that heat — which is one kind of energy — is continuously escaping 


from them. 
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/^ll of these phenomena— disappearance of food resulting in a decrease 
in dry weight, absorption of oxygen, evolution of carbon dioxide, and 
liberation of energy — are different external manifestations of the process 
of respiration which occurs, not only in germinating seeds and seedlings, 
but in living cells generally. 

The gaseous exchanges accompanying respiration were discovered and 
extensively studied before any especial significance was attached to them. 
This was true for plants as well as animals, in both of which oxygen is 
usually consumed and carbon dioxide is usually released during respira- 
tion. yfhe term respiration has therefore long been used to refer to these 
externally apparent gaseous exchanges and is still commonly employed 
in this sense by many animal physiologists.jAs thus employed with ref- 
erence to higher animals the term is essentially synonymous with “breath- 


ing.” 

However, as shown in the latter discussion, gaseous exchanges of the 
usual type are not invariable accompaniments of respiration. Carbon 
dioxide is not always released nor is oxygen always used in respiration. 
Furthermore, plants never “breathe” in any fundamentally acceptable 
sense of the word, frequently popular and semi-popular statements to 
the contrary notwithstanding.^or these reasons plant physiologists use 
the term “respiration” primarily to refer to the oxidation of foods in 
living cells with the resulting release of energy. A part of the energy re- 
leased is transferred to compounds other than those which are oxidized 
and some is used in the activation of certain cell processes.) The forma- 
tion of certain kinds of highly reactive molecules which occurs during the 
course of the process is also an important role of respiration. These fun- 
damental aspects of the process are discussed in greater detail later. 

Aerobic Respiration. — Respiration of the type described in the preced- 
ing paragraphs is, strictly speaking, called aerobic respiration since it 
proceeds at the expense of atmospheric oxygen. A type of respiration 
known as anaerobic respiration is also of common occurrence in plant 
cells. Anaerobic respiration, as the name indicates, does not require at- 
mospheric oxygen but may occur in its presence. The basic difference 
between the two kinds of respiration is that atmospheric oxygen partici- 
pates as a reactant in some of the stages of aerobic respiration but not 
at any stage of the process when the respiration is strictly anaerobic 

When the term “respiration” is used without qualification it usually 
refers to aerobic respiration. 

On the assumption that a hexose is the substrate, the summary chemical 
equation for aerobic respiration is: 


CfiHizOfi + 6 O 2 0 CO 2 + 6 H 2 O -I- 673 kg.-cal. 
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The value 673 kg.-cal.^ is based on the assumption that glucose is the 
hexose oxidized. However the quantity of energy released by the oxida- 
tion of other hexose sugars deviates only slightly from this value. This 
equation is exactly the reverse of the photosynthetic equation and the 
same quantity of energy is required in the synthesis of one mol of a 
hexose sugar as is released when one mol of it is oxidized in respiration. 

The oxidation of a hexose in plant cells does not take place in a single 
step as indicated in this convenient summary equation. The possible 
intermediate steps in the respiratory process are considered in the next 
chapter. This equation merely tells us that for the oxidation of one mol 
of a hexose, six inols of oxygen are required; that six mols each of car- 
bon dioxide and water result from this oxidation; and that 673 kg.-cal. 
of energy are released. Since equimolar weights of gases occupy the same 
volume (Avogadro^s hypothesis) the volume of oxygen consumed when a 
hexose is oxidized is equal to the volume of carbon dioxide released. 

The water formed as a result of respiration becomes a part of the 
general mass of water present in the respiring cells. Since it is seldom 
possible to measure experimentally the quantities of water released in 
respiration, the conclusion that it is an end product of this process is based 
largely on theoretical considerations. The water produced in respiration 
is often termed metabolic water. 

Hexose sugars are most commonly the substrates which are oxidized 
in the cells of higher green plants. When plant cells contain both carbo- 


hydrates and fats, the former apparently are consumed first in respira 
tion, before any inroads are made upon the fats. When fatty seeds are 
allowed to germinate in contact with a sugar solution it has been found 
that the sugar is oxidized first. When fats serve as the respiratory sub- 
strate in plants they must first be hydrolyzed to fatty acids and glycerol 
before oxidation can proceed. Utilization of proteins in the respiratmn 
of plant cells does not appear to occur commonly except in tissues ^\hicl. 
have been depleted of carbohydrates and fats. In starved leaves, for ex- 
ample, proteins are hydrolyzed to amino acids, which are then oxidize , 
a process which is commonly accompanied by the synthesis of asparagine 


and other amides. Subsequently oxidation of the amides may occur re 
suiting in the release of ammonia in plant tissues (Chap. XXVI). tnre 
such conditions it is believed that the protoplasmic proteins may them 


selves be hydrolyzed and oxidized. 

In most plant organs the rate of respiration is relatively so 


slow that 


* This value rrpre.sents the heat of oombustion of the reaction. The actual < 
in free energy (calculated from chemical affinities) in this reaction under 
conditions” i.s 710 kp:.-cal. (Wohl and James. 1042). 
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any heat released is rapidly dissipated into the environment and thus 
escapes detection. The evolution of heat during the respiration of certain 
plant organs can, however, be demonstrated under natural conditions, 
reinperatures as high as 1.5°C. in excess of the surrounding atinosi>here 
have been found in the spadices of the skunk cabbage {Symplocarpus 
ioett(liis) wiiile the temperatures within the sj^adices of Arum italicum 
have been slmwn to sometimes exceed atmospheric temperatures by as 
much as 3b°('. This latter, however, must be regarded as an extreme ex- 
ample. Sucii a self-induced increase in the temperature of a plant organ 
in itselt results in an incrc'ase in tlie rate of respiration and other meta- 
bolic ju'oeesses occui'ring within that organ. 

Heat release during respiration can be demon.^trated most easily by 
(‘nclosing plant material witli a relatively high rate of respiration in a 
(‘alorimeter. Among sucii materials are rapidly growing stem tips, opening 
buds, floral jiarts I especially during the earlier stages in their develop- 
ment!, and gi'i-minating >eeds. The latter are most frequently used. To 
conduct the demon>tration two Dewar flasks or thermos bottles are par- 
tially tilled, the one with germinating seeds, the otlier with an equal mass 
ot germinating seeds which liave been killed just before starting the ex- 
perinuait. The calorimeters are then idugged with cotton through which 
is inserted a thermonu'ter. and the tempc'rature changes are noted over 
a ])(‘riod of time. If tlie re>ults ol)tained are to be considered at all 
critical, the set'ds and all i)arts of c'ach ai)paratus must be sterilized at 
tiu' beginning of the determiiiation : otherwise most of the temperature 
ris(' observed will result from tlie respiration of micro-organisms. Such a 
rise indicatc's tlie evolution of lieat during the resjiiration of such organ- 
isms. but invalidates the experiment as a demonstration of heat release 
by the seeds. In general, in a jiroperly set up experiment of this type the 
temperature within the mass of living seeds will rise to a value consider- 
ably in excess of that recorded for the dead ones. The sterilized dead 
seeds will show little or no change in temperature. In such experiments 
100 g. of germinating seeds may release h^at with sufficient rapidity as 
to aerpure temporarily a temperature as much as 20°C. higher tlian that 
of tlie dead seeds in the check experiment. In the more critical Experi- 
ments uiion heat release by plant tissues the lieat evolved is expressed in 
terms of calories jicr unit of time. 

Altl.ou^l, fl... cKM-gy rdcascci in respiration is generally expressed in 
t.'nns of hea uiuts (oe.. calories or kilogram-calories), not all of the 
energy as evo ve.l as heat. That portion of the energy which is released 

f ‘V c occurs. It is pure waste 

fioin the standpoint of supplying the plant with energy and is roughly 
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analogous to the frictional loss of energy in a machine. In warm-blooded 
animals, in contradistinction to plants, the heat released in the respira- 
tory process is important in maintaining the body temperature. 

Energy becomes manifest in living cells as well as in inorganic systems 
as chemical enei-gy, heat energy, radiant energy, surface energy, mechan- 
ical energy, ])otentia! energy, etc. All of the energy released from mole- 
cules during res|)iration represents radiant energy which was previously 
entrapped in the process of photosynthesis. Upon release this energy may 
be tran.^formed into any of the kinds listed above. 

In young, growing tissues a significant proportion of the energy of 
respiration is not released as heat, but takes other manifestations. The 
most important way in which such energy is used, especially in younger 
cells, is in certain synthetic processes. Among these are the syntheses of 
fatty and amino acids, glycerol, and acetaldehyde. In all of these reac- 
tions the releasable energy of some of the products of the reaction is 
greater than that of a molecularly equivalent quantity of hexose. In other 
words, in such syntheses, chemical energy is transferred by the oxida- 
tion of certain molecules (usually hexoses or derivatives therefrom) to 
other molecules which thereby become enriched in chemical energy. Most 
such molecules are highly reactive, and the reactions in which they par- 
ticipate lead to the synthesis of a number of important compounds in 
plants. 

Among the other energy-requiring processes occurring in plants, es- 
pecially in younger organs or tissues, are the migration of the chromo- 
somes and other cell constituents during cell division, streaming of the 
protoplasm, accumulation of solutes by cells (Chap. XXIV), transloca- 
tion of solutes (Chap. XXVII), growth of stems in opposition to gravity, 
growth of root tips against the frictional resistance of the soil, and main- 
tenance of differences of electrical potential in plants. Although most, if 
not all, of the energy used in these processes comes from respiration, the 
amounts used in such processes are very small relative to the total energy 


output of respiration. 

In mature plant tissues practically all of the energy released in respi 
ration escapes as heat (Wohl and James, 1942). Although there is some 
difficulty in visualizing the role which respiration plays in such tissues, 
continuation of the process is essential, death of the cells in most mature 
plant tissues soon ensuing if they are deprived of oxygen. Maintenance 
of the controlled chains of reactions (Chap. XXII) which constitute ^e 
respiration process can only be accomplished by the stepwise transfer o 
energy from molecule to molecule. Even though most of the 
volved is ultimately released as heat it appears that maintenance of t es 
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reaction chains is necessary if the protoi^lasin is to remain in a living 
condition. 

However, not all plant processes rely upon the energy derived from 
respiration for their motive power. Transpiration, for example, is essen- 
tially a modified evaporation process, and the energy used in the vai)or- 
ization of water mostly comes either directly from tlie radiant energy of 
sunlight, or from the heat energy of the surrounding atmosphere. 

Methods of Measuring Respiration. — Respiration rates are usually meas- 
ured in terms of the rate of oxygen consumption, or the rate of carbon 
dioxide evolution, or both. Rates of carbon dioxide release are more com- 
monly determined than rates of oxygen consumption, since the chemical 
and physicocliemical methods of detecting changes in the rates of carbon 
dioxide evolution are easier to work with. Itespiration rates are often 
detennined by enclosing the plant in a suitable chamber tlirough which 
air is allowed to flow at an api)ropriatc i-ate. The carbon dioxide in the 
effluent gas stream can be precipitat(-d BaCOa by bubbling the gas 
through a sv)lution of Ba(( )!!):.. The cpiantity of this conij)ound formed 
can be measured either voluinetrically {i.e.. by titration!, gravimetrically 
(by determining the weight of BaC'O.-j iirecijutate formed), or by measur- 
ing the rate of change of (dectrical conductivity of the BafOIDo solution. 
A commonly \ised variation of this method is to pass the effluent gas 
streaun througii a NaOII solution (usually about 0.2 Xl. At the end of the 
experimental period the Xba-jC'Oa formed is preci;)itated as BaCO.-j with a 
saturated Ba(’B solution and its quantity determined by titration. From 
llu* (juantity of carbonate formed under any of these iirocedures the 
amount of carbon dioxide which has been evolved from the plant tissue 
can be calculated, In all sucii methods it is also necessary either to re- 
move the c.irbon dioxide from the gas stream before it passes through the 

l)lant chaml)er or else to make a check analysis of its carbon dioxide 
content. 

If It is desired to determine carbon dioxide liiieration and oxygen con- 
.suinption simultaneously, the simiilest procerlure is to collect the ga.s 
stream in a reserx-oir after it has passed through the plant chamber and 
analyze it for the proiiortions of these two gases present. If the volume 
of each of these gases which has passed into the plant chamber is also 
known, the gaseous exchanges of the plant can be computed. 

Rates of respiration arc expressed in terms of either carbon .lioxide 

e^■olutlon or oxygen consumption per unit of time and arc usually eal- 

cu ated on the basis of a unit dry weight of tissue. Obviously accurate 

determmatioiis of respiration rates of chlorophyllous plant organs can 

be obtained only if they are enclosed in a respiration chamber wbich is 
impervious to light. 
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Some caution must be exercised, however, in accepting the rate of car- 
bon dioxide release or of oxygen consumption as an index of respiration. 
The most fundamental measures of respiration would be the rates of 
energy release or transfer, or of the formation of highly reactive com- 
pounds. Neither the rate of carbon dioxide release nor the rate of oxygen 
consumption is invariably a consistent index of the rate at which the 
fundamental transformations of respiration occur. This is especially true 
when comparisons are being made between aerobic and anaerobic respi- 
ration, between tissues in which different substrates are being oxidized, 
or between a given tissue under one set of conditions as compared with 
that same tissue under a markedly different set of conditions. A certain 
rate of carbon dioxide release, for example, from a tissue which is respir- 
ing largely anaerobically is not an index of the same amount of respira- 
tion as the same rate of evolution of carbon dioxide from an equivalent 
amount of tissue which is respiring aerobically. For a given plant tissue, 
however, over a range of not too widely differing environmental condi- 
tions, either rate of carbon dioxide liberation or oxygen consumption is 
a convenient and usually a fairly accurate index of respiration. 

Comparafive Rates of Respiration. — Rates of respiration as expressed 
either in terms of oxygen consumption or carbon dioxide liberation vary 
greatly, depending upon the plant organ or tissue and the environmental 
conditions. Since the seat of respiration lies in the protoplasm a correla- 
tion often exists between the proportion of protoplasm present in a tissue 
and the intensity of the respiration process in that tissue. As a general 
rule, respiration rates are found to be greatest in meristematic tissues, 
such as growing root or stem tips or the embryos of germinating seeds. 

It is precisely in such tissues that the proportion of protoplasm is greatest 
in relation to the total dry weight of the tissue. In mature tissues, such 
as photosynthetically active leaves, a larger proportion of the dry weight 
of the tissue mass is composed of inert cell-wall materials, hence the 
respiration rates of such tissues, expressed in the usual terms, are almost 
invariably less than those of meristems under comparable conditions. 
Senescent tissues, such as yellowing leaves or ripe fruits in which the 
proportion of protoplasm to dry w'eight is still smaller, generally have 
lower rates of respiration than the same tissues had when in a metabol- 
ically active condition. The lowest rates of respiration are found in dor- 
mant seeds and spores, a marked increase in the rate of respiration being 
one of the striking physiological aspects of germination. The relatively 
slow rate of respiration in such structures is not, however, primarily the 
result of a low proportionate amount of protoplasm, but of other factors, 
among which deficient hydration of the tissues is one of the most impor- 
tant. 
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Representative rates of respiration for a number of plant organs are 
listed in Table 30. Even for the plant parts tabulated these rates are to 
be regarded as only approximations, since the rate for any one plant organ 
or tissue is subject to marked fluctuations due to the influence of varioris 
internal and external factors. 


TABLE 30 — RESM RATION RATES OF VARIOUS PLANT TISSUES IN TERMS OF VOLUME OF OXYGEN 
ABSORBED OR VOLUME OF CARBON DIOXIDE RELEASED IN 24 HOURS PER CRAM OF DRY 
WEIGHT (from data COMPILED BV kOSTVCHEV, I927) 


1 

Plant 

Organ 

Tempera- 

ture 

1 

1 

Respiration Rate 

Wheat {Tritfcum salirum) 

Red Clover {Trifolium pratense) . 

Rice {Oryza satioa) 

Mint {Mentha aquatica) 

Lilac (Syringa vulgaris) 

Linden (Tilia europea) 

Lettuce {Lactuca saliva) 

Poppy (Papaver somniferum) 

Mold {Aspergillus niger) 

Young roots 
Leaves 

Young roots 
Roots 

Leaf buds 
Leaf buds 
Germ, seeds 
Germ, seeds 
Mycelium 

15-18° C. 
20-21 ° 
14-17° 
18-19° 

> 5 ° 

16° 

16° 

1 

67.9 cc. O2 absorbed 

27 . 2 

(• <■ •< 

44-4 

37 ' ^ 

35.0 cc. CO> liberated 

66.0 

82.5 “ " 

122.0 “ " 

1800 “ “ 


The Compensation Point. — In tlie leaves or other ehloro|iliyllous tissues 
fOic rate of photosynthesis usually exceeds the rate of respiration during 
the daylight hours. In maize, for example (Table 25), the rate of photo- 
synthesis during the daylight hours is, on the average, about eight times 
the rate of resfriration. (See also Fig. 104 for similar data on alfalfa.) 
The carbon dioxide released in respiration is re-utilized by the cells in 
photosynthesis, but since the latter process is occurring more rapidly than 
the former, additional carbon dioxide is continuously diffusing into the 
plant from the outside environment. Similarly photosynthesis produces 
more oxygen than is used in respiration, the surplus diffusing out of the 
plant. Hence during the daylight hours, as long as conditions favorable 
for photosynthesis prevail, there is a net .n..vement of carbon dioxide 
into the green parts of plants, and a net loss of oxygen from them Un- 
der such conditions the occurrence of the gaseous exchanges accompany- 
ing respiration m green leaves is completely masked 

.\t night or in the dark the reverse condition obtains, oxygen moving 
into the green parts ci a plant and carbon dioxide passing out of them 
Similar gaseous exchanges are characteristic of the non-green organs of 
a plant, whether m the light or in the dark. The magnitude of the gas- 
eous exchanges occurring between a green plant organ and its environ- 
ment m the absence of light are usually less than those which generally 
take place-but in the opposite directicn-in its presence 
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Since at low intensities light is usually the limiting factor in photo- 
synthesis it is evident there should be a certain light intensity at which 
tlio rate of photosynthesis and the rate of respiration in a leaf or other 
chlorophyllous organ are exactly equal. At this light intensity, often 
called the compensation point, the volume of carbon dioxide being re- 
leased in respiration is exactly equal to the volume being consumed in 
jdiotosynthesis, while the opposite is true for oxygen. In other words, at 
the compensation point apparent photosynthesis is zero. The light in- 
tensity corresponding to the compensation point varies considerably with 
different species of plants. The compensation ])oint for any one species 
is also influenced by various environmental factors, especially tenijicra- 
ture, and is markedly affected by the conditions to which the leaves or 
other photosynthetic organs have been ex{)osed during their develoianent 
Compensation points have been measured more extensively in submersed 
aquatics than in land plants. Meyer et al. (1943) found the comi>ensation 
point for a number of such species to be of the order of 1-2 per cent of 
the intensity of full midday summer sunlight. The leaves of some shade 
species of land plants also have compensation points of approximateh 
this magnitude, but in sun species the compensation point is usualb 

higher. . • . f 

No plant can survive indefinitely in nature at the light intensit> o 
the compensation point. Under such conditions there is no photo.-\ nthcsis 
which compensates for night respiration. Also, the compensation pidnt is 
usually measured only for the leaves or aerial organs of the jilant. no 
allowance being made for the respiration of the roots or othei under 
ground organs. Hence the actual minimum light intensity at vhici any 
species could survive in nature would necessarily be somew hat giea 
than the compensation point. As shown in Fig. 99, the minimum ligi 
tensities for the survival of several species of conifers lie within a 
of 1-6 per cent. Compensation points for these species would presuina 

show a slightly lower range of values. . 

The Respiratory Ratio.— The ratio of the volume of CO 2 released 

volume of O 2 absorbed in the respiratory process is termed the 
tory ratio or quotient. When complete oxidation of a hexose sugar oc 

as already pointed out: 

CO2 


O 


= 1 


The respiratory ratio for any plant or plant part can be 
making parallel measurements of the rates of carbon dioxide re eas 

oxygen consumption. rnulateci 

The respiratory ratio of germinating seeds in which the accu 
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foods are principally in the form of carbohydrates is invariably found to 
be approximately one as long as oxygen has free access to such seeds. 
This is true, for example, of the germinating grains of practically all of 
the cereals (wheat, maize, oats, etc.). Similarly the respirator^' ratios for 
the leaves of many species of plants have been found to be in the neigh- 
borhood of one (Table 31), and flow’ers usually have a respiratory ratio 
of approximately one (Pringsheim, 1935). The proportion of the volume 
of carbon dioxide evolved to the volume of oxygen absorbed may vary 
greatly from a unit value, however, depending' upon the respiratory sub- 
strate, the completeness of the oxidation, and other conditions. Many 
studies liave been made of the respiratory' quotient of various plant or- 
gans. Most such investigations have dealt with germinating seeds. Tire 
principal internal conditions under which it has been found that the re- 
spiratory ratio of the higher green plants fleviates from one are as follows: 


TABLE 31 — RESPIILATORY RATIOS OF THE LEAVES OF VARIOUS SPECIES 

(data of maquenne and demoussy, 1913) 


Begonia 

1 

III 

1 

Pea 

1.07 

Castor Bean 

*03 

Pear 

1 . 10 

Chrysanthemum 

1 .02 

Privet 

1.03 

Corn (maize) 

1.07 

Rose 

1 .02 

Grape 

1 01 

Tobacco 

1.03 

Lilac 

1.07 

Wheat 

I 03 


1. Respiration of Compounds in Which the Proportion of Oxygen to 
Carion Is Relatively Low as Compared with Hexoses. — Tlie proportion of 
oxygen to carbon is invariably less in fats than in carbohydrates. Many 
studies of the respiratory ratio of seeds in which the stored foods arc 
mostly in the form of oils have shown that the resjiiratory ratio of such 
seeds is always less than one. The follow’ing summary eejuation represents 
the complete oxidation of tri-palmitin, a representative fat: 


C 6ill«ii()e + 72.5 Oj — > 51 CO 2 + 49 H 2 O + 7590 kg. -cal. (approx.) 

Actually f:it.s, being insoluble compounds, are not oxidized directly as 
indicated in the above equation, but only after hydrolysis to fatty acids 
and glycerol (Chap. XXIII) and probably only after further conversions 
to simple carbohydrates or related compounds. Regardless of the exact 
course of the respiratory process, however, the sequence of reactions fol- 
lowed will require the absorption of oxygen in excess of the quantity of 
car on dioxide released. The summation effect, therefore, of the various 
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reactions involved in the respiration of fats will be a respiratoi^- ratio of 
less than one. 

Similarly oxidation of the hydrolytic |>rodnc(s of the proteins results 
in a respiratory ratio of less than one (usual I}’ 0. 8-0.9) since the proi)or- 
tion of oxygen to carbon in such compounris is less than in carbohydrates. 

2. Respiration of Compoiwris in Which the Proportion of Oxifgen to 
Carbon Is Relatively High as C ompared u'ith Hexoses. — In some species 
of plants, particularly those of the succulent habit of growth, organic 
acids are often oxidized. Such compounds arc relatively rich in oxygen 
as compared with carbohydrates. The equations for the complete oxida- 
tion of oxalic and malic, two of the common plant organic acids, arc as 
follows: 

COOH 

2 I + 4 ('(). + 2 Hot) + 60.2kg.-cal. 

COOH 

Oxalic aoi<) 

COOH 

CHOH + 3 O 2 -> 4 CO 2 + 3 H 2 f) + 320.1 kg.-cal. 

CH2 

COOH 

Malic acid 


The theoretical respiratory ratio for oxalic acid is therefore 4; for malic 
acid % or 1.33. For tartaric acid, another organic acid which occurs m 
plants, the respiratory ratio is 1.6. Oxidation of any compound of this 
type results in a respiratory ratio in excess of one. 

3. Occurrence of Oxygen Liberation or Utilization without Correspond- 
ing Carbon Dioxide C onsumption or Release. — As seeds which store fats 
mature, simple carbohydrates are converted into fats. Oxygen is elimi- 
nated in this process without any corresponding utilization of carbon 
dioxide, since the molecules of fats contain much less oxygen in propor^on 
to the carbon and hydrogen present than do the molecules of sugars. 
freed oxygen serves as an internal supply which can be transferred o 
other molecules in respiration. The volume of oxygen absorbed by see 
from the exterior atmosphere during this period will hence be less than i 
otherwise would be, and the respiratory ratio is theoretically greater a 
one. This expectation has been confirmed for the seeds of a 
of species in which fats accumulate; for example the respiratory ram 


of maturing flax seeds is about 1.22. . j 

Essentially the opposite situation prevails during the germinatioi^^o^ 
fatty seeds in which very low respiratory quotients sometimes pr^ 
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after several days. Murlin (1934), for example, found values for the 
respiratory ratio of germinating castor bean seeds as low as about 0.3 and 
explained this finding on the assumption that transformation of fat to 
sugar— an oxygen-consuming process in which no carbon dioxide is re- 
leased— is proceeding much more rapidly than oxidation of sugar. 

A situation similar to the last obtains in many succulent species in 
which incomplete oxidation of sugars to organic acids occurs. In species 
of the Crassulaceae, for example, some of the sugar present is often in- 
completely oxidized to malic acid: 


2 C 6 H 12 O 6 -|- 3 O 2 > 3 C^HeOs -|- 3 H 2 O -(- 386 kg. -cal. 

Other organic acids are formed in succulent species as a result of similar 
respiratory processes. The synthesis of such comi)ounds requires absorp- 
tion of oxygen for which there is no corresponding evolution of carbon 
dioxide. Such metabolic conditions will obviously result in an apparent 
respiratory ratio of less than one. 

4. Occurrence of Carbon Dioxide Utilization or Liberation without 
Corresponding Oxygen Release or Consumption.— The leaves of Rryo- 
phyllum and some other species make direct use of carbon dioxide ab- 
sorbed in the dark in the synthesis of organic acids tChap. XXII). The 

effect of the occurrence of this process would be to give such leaves an 
apparent respiratory ratio of less than one. ^ ^ 

Release of carbon dioxide without any corresponding utilization of at- 
mospheric oxygen is characteristic of anaerobic respiration, which occurs 
m higher green plants under certain conditions. Sometimes, especially 
when the oxygen supply is deficient, both aerobic and anaerobic respira- 
tion occur simultaneously in a plant tissue. Some cells may be respirine 
anaerobically, while others are carrying on aerobic respiration In the 
early stages of respiration of seeds in which the seed coats are rclativelv 
impermeable to oxygen, such as those of peas, a limited amount of aero- 
bic resiiirat.on may be carried on, accompanied by a larger proportion 
of anaerobic respiration. Under such conditions the volume of carbon 
dioxide evolve, may be veiy large in proportion to the volume of oxyge!! 
absoibed, and the respiratory ratio is much greater than one. As soon as 
the see,l coat is rupture.!, thus permitting free access of oxygen to the 
d" yelop.ng embryo, anaerobic respiration largely or entirelv cLos 

In ad.htion 0 the various internal eonditions which influence the value 
yf lie respiratory quotient, its magnitude mav also varv w th cerS 

ogic:i i-mJe t ^he phylr 

I able reason for this effect, especially in 
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i)ulky tissues, is that at higher temperatures oxygen does not gain access 
to tlie cells fast enough to keep up with the accelerated rate of respira- 
tion, and theie is a partial substitution of anaerobic for aerobic respira- 
tion. Another environmental factor which affects the magnitude of the 

respiratory ratio is the carbon dioxide concentration of the atmosphere 
(Table 32) . 

The principal justification for study of the respiratory quotients of 
plants is that the results of such investigations afford important clues 
regarding the nature of the respiratory process itself. Certain inferences 
rc'ganling the type of substrate being oxidized, transforniatfons in the 
foods present in cells, and even the chemical mechanism of respiration 
can often be drawn from the results of determinations of resjuratory 
ratios. Some caution is always necessary, however, in interpreting the 
results of sucli experiments. A number of different j)rocesses are often 
occurring simultaneously in plant cells, each of which will influence the 
magnitude of the respiratory ratio. Several typos of substrates may be 
undergoing oxidation concurrently, or other reactions may be occurring 
which affect the oxygen or carbon dioxide intake or oidput of cells. If 
one of these several reactions is strongly predominant, it will in the main 
determine the value of the resi)iralory ratio, and the quotient will be a 
valid indicator of tin* nature of the respiratory process. If, on the con- 
trary, several different pi'ocesses are pr()C(‘eding at approximately equal 
rates, their net influence on the gaseous exchanges of the tissue may be 
such that the apparent respiratory ratio will bear no relation whatever 
to any one of the processes and may even lead to entirely erroneous in- 
ferences. 

Factors Affecting the Rate of Aerobic Respiration. — A number of factors, 
some internal, others external, are definitely known to influence the rate 
of resi)iration of plant cells. Under some conditions the pathway of t e 
respiration process, as well as its rate, may be influenced by ]>rcvai mg 
factors. AMienever the magnitude of the respiratory quotient changes 
a shift in one or more of the factors influencing respiration, this is cvi 
dence that a change in the ]:)athway of the respiration process has oc 
ciirred. Such an effect of temperature has already been discussed in c 
prev'^eding section, and a similar effect of carbon dioxide concentration 
illustrated in Table 32. Other examples of this effect are the 
certain chemicals, such as cyanides, which inhibit aerobic ' 

in at least some plant tissues do not inhibit anaerobic respiration > 

XXII). , 

1. Protoplasmic Conditions. — Young, meristematic tissues, w i 
relatively rich in protopla.^m, usually have higher rates of 
than older tissues in which th(' proportion of cell walls is greater. 
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only is the gross amount of protoplasm jiresent a factor, but various in- 
ternal conditions in that protoplasm also influence the respiration rate. 
In view of our incomplete knowledge of the physicochemical structure 
and dynamics of the protoplasm, the influence of only a few of these 
protoplasmic factors can be recognized at the present time. One of these 
is the degree of hydration of the protopla.sm. The effect of this factor 
will be discussed later under a separate heading. The quantities and kinds 
of respiratory enzymes (Chap. XXII) present in the protoplasm un- 
doubtedly are also factors whieh affect the rate of respiration 



Fig. 109. Relation between time temner-itnrp *m/l r.i^ *' 

seedlings. Dotted lines renresent nprim t ’ u u re>l)irafion of jica 

was changed from 25»C. to indica^ted teiTaLS.'lr^TSrnmilTiS^ 


2 Temperature.— ks is true of most other biological processes tern 

ture range between 0° and tempera- 

increase in the bSal rate of t ‘^“'"P^^^ture resulted in an 

tures above approximatly SoT^thTrale 

crease with time, which became more marked Mie h'1 Tk 

ture would appear to he abotit 30^C optimum tempera- 

imum temperature at which ther * ' ■ approximately the max- 

I at which there is a maintained rate of respiration. The 


408 


RESPIRATION 


optimum temperature for respiration, considered in this sense, is not the 
same for all plant tissues. For some it is clearly higher than the value 
obtained in this experiment with pea seedlings and for others it is lower. 

The exact nature of the “time factor” which becomes increasingly effec- 
tive in causing reduction in the rate of respiration with rise in tempera- 
ture is unknown. One of the seemingly more probable explanations is 
that this effect results from a progressively more pronounced inactivation 
of enzymes with increase in temperature. Other possibilities are: (1) 
ox 3 ’'gen may not gain access to the cells fast enough at higher tempera- 
tures to permit maintenance of the respiration rate, (2) carbon dioxide 
may accumulate in the cells in such concentrations at higher tempera- 
tures as to check the rate of respiration, and (3) the supply of oxidizable 
foods may be inadequate to maintain high rates of respiration. 

As the temperature is decreased below 0®C., the rate of respiration 
gradually diminishes until it becomes imperceptible. Measurable rates 
of respiration have been recorded, however, in some plant tissues at tem- 
peratures as low as — 20®C. 

The Q 10 of respiration for plant tissues within the temperature range 
10°-30®C. is usually between 2.0 and 2.5. At temperatures below 10®C., 
higher Qio values have been found for a number of tissues (Platenius, 
1942). Above 30®C., determination of the Qio values for plant respiration 
with any degree of certainty is difficult because of the time factor effect. 

The temperature to which a plant organ is exposed sometimes has im- 
portant indirect effects on the rate of respiration. AVhen the temperature 
of a potato tuber is lowered from a few degrees above to about 0°C., the 
respiration rate increases. According to Hopkins (1921) this is a resu 
of the effect of low temperatures in causing a shift in the starch-sugar 
equilibrium toward the sugar side (Chap. XX). Increase in the quantity 
of respiratory substrate in plant cells results in an increase in the rate o 
respiration whenever it is the limiting factor, a condition which appa^*^ 
ently obtains in potato tubers under these conditions. Similar 
effects of temperature upon the rate of respiration are probably o 


quent occurrence in other plant tissues. 

3. Food . — ^As a general rule increase :n the soluble food 
plant cells results in an increase in the respiration rate up to a ce 
point at which some other factor becomes limiting. One example o 
effect of the concentration of foods in cells upon the rate of 
has just been described in the previous section. The effect of t is a^^^ 
on respiration rates can also be demonstrated in etiolated 
example, Palladin (1893) found that 100 g. of carbohydrate 
etiolated bean leaves released an average of 89.6 mg. of car on ^ 
per hour at room temperature. After floating the same leaves up 
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su(T(>.<t‘ solution for two days, during which considerable absorption <d 
sugar occurred, the average rate of carbon dioxide release increased to 
148.8 ing. per hr. 

4. Oxygeti Concentration of the Aftnosphere . — The effect of the oxygen 
concentration of tlie aiinosphere on the rate of respiration varies witli the 
kind of tissue, concentration of oxygen, pei'iod of exjiosure, and other 
prevailing environnu'utal conditions. The apparent magnitude of the 
effect, and sometinu-s also its direction, may also differ, depending upon 
whether cai’hon dinxide oiitput or oxygen intake is \\>vd as the index of 
respiration. ^ ariations in the oxyuen content of the ata'ial atmosphere 
are too slight to hav(‘ any appreciable effc'ct on r(‘spii’ation I’ates, but this 
is not true of the ^oil atmos]>heia‘ (('hap. XI\’). In general, unless the 
oxygen concentration de\'iates by at least 5 ]>er cent from the usual at- 
mos])heric concenti’ation. (dtect^ on lates of re.-^piiation are small or neg- 
ligible. 

Choudhury (19119 1 found that the rate of carbon di(txide output of 
potato tubers was essentially tlu* same o\'(‘r a rang(‘ of oxygen concentra- 
tions from 0.2 to 98. ti per cent. With artichoke illelianthns tuberofooi] 
tubers the rate ol caibon dioxid(' release was essentially the same in oxy- 
g( n concentrations idio\’e atniosphcrie as in air: but. in oxygcai concen- 
trations below atmospla'j'ic, tlu* rate sjiow('d a pi’ogressive lowering with 
decrease in concentration. W'ith carrot roots irregular results were ob- 
tained at oxygen concentration> lu low atmospheiic; but. at oxygen con- 
(•(‘litrations above atmosphei'ic. the higlier the concentration, tlu* greater 
tlu* rate of carbon dioxide output. In a somewhat simitar investigation 
Ptatenius (19431 showed that the rate of respiration, measuii'd eitluu' as 
carbon dioxide output or as oxygt ii intake, was progri'ssively reduced as 
(txygen concentrations were loweivd i)elow atmos]>l»eric in the following 

plant materials: asparagus stalks. Ijean fruits, si)inach tops, shelled peas, 
and carrot roots. 

One of the factor^ accounting for such differences in the relation be- 
tween oxygen concentration and the rate of respiration is the usual at- 
luospheiie into of ivsi.iratioii. 'i'lio rosiiiration rate of tissues in which the 
u.snal atniosplieiic rate is lvlati^•ely low— as, for example, in jiotato tubers 

— aiipears to be less affected by a lowering of oxygen concentr.ation than 
that of tissues in which the atmospheric rate is higher. 

Another factor accounting for differences in the effect of oxygen con- 
centration on respiration is the greater capacity of some tissues than 
others for anaerobic respiration. An exainjilc of this effect is the contrast- 
ing behavior of wheat and rice seedlings (Taylor, 1942). At low oxygen 
coiui ntiations carbon dioxide out])ut by rice seedlings was much greater 
t I, III th.it b\ wheat seedlings. In the total absence of oxygen, carbon 
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dioxide output of wheat seedlings was onl}^ about half that in air, while 
that of rice seedlings was about 50 per cent greater than in air (Fig. 110). 
The difference in the behavior of these two kinds of seedlings is ascribed 
to the j)ossession by rice seedlings, of a much more effective anaerobic 


respiration system than is pos.'^essed 



PER CENT OXYGEN 

PER CENT OXYGEN IN ATMOSPHERE 


Fk;. 110. Helation between oxygen con- 
centration and resjjiration and fermenta- 
tion of wheat and rice .seedlings. Data of 

Taylor (1042). 


by wheat seedlings. On the other 
hand, if oxygen consumption was 
used as the index of respiration, 
this was greater at low oxygen 
concentrations in the wheat seed- 
lings than in the rice seedlings. 
An effect similar to that in rice 
seedlings has been shown in 
slices of carrot root tissue by 
Marsh and Goddard (1939). 
With decrease in oxygen concen- 
tration below 5 per cent, carbon 
dioxide output of this tissue in- 
creased, but its oxygen consump- 
tion decreased. 

5. Carbon Dioxide Concentra- 
tion of the Atmosphere . — The 
effect of carbon dioxide concen- 
tration on respiration, like that 
of oxygen, differs with its con- 
centration, the kind of tissue, the 
period of exposure, and otlier 
prevailing environmental condi- 
tions. As with oxygen, usual at- 


mospheric fluctuations in carbon dioxide concentration of the aerial atmos- 
phere are not sufficient to have appreciable effects on respiration rates, 


but the contrary is true of the soil atmosphere. 

In a study of white mustard seedlings it was shown that the rate o 
respiration decreased with increase in carbon dioxide concentration (Ta c 
32). This effect was shown whether respiration was measured in terms o 
carbon dioxide release or oxygen absorption. The decreasing effect on ^ 
rate of carbon dioxide release was more marked than on the rate ^ ^ 
sorption of oxygen. Hence the higher the carbon dioxide concentration o 

the atmosphere, the lower the respiratory ratio. , . 

The rate of respiration of other plant tissues, on the contrary, is m 
creased when they are exposed to relatively high concentrations of car o 
dioxide. For example, Thornton (1933) studied the rate of 
potato tubers at 25°C. in various concentrations of carbon dioxide. 
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initial concentration of oxygen in the atuiosphere was 20 per cent in all 
experiments. Exposure of the tubers to concentrations of carbon dioxide 
in excess of about 20 per cent for j)eriods of greater than 20-24 hr. re- 
sulted in a marked increase in respiration rate as measured in terms of 
oxygen consumption. In 60 per cent carbon dioxide the rate of respira- 
tion sometimes exceeded that of the controls by more than 200 per cent. 
This increased rate of respiration i.s undoubtedly to Ik* explained, at least 
in part, by the increase in the concentration of sugar wliicli occurs in 
the cells under such conditions. Sliorter periods of exposure of the potato 
tul)er to high concentrations of carbon dioxide resulted in a decreasing 
rather than an increasing effect upon r(v-i)iration. Similar effects of hioh 


TABLE 32 -EFFKCT OF CARBON DIOXIDE CONCENTRATION UPON THE RATE OF RESPIRATION OF 
GERMINATING WHITE MUSTARD SEEDS. INITIAL CONCENTRATION OF O2 IN EACH EXPERI- 
MENT 20 PER CENT. DURATION OF EXPERIMENTS, 14 HOURS. (daTA OF KIDD, 1915) 


1 

Percentage of CO,- initially present 

0 

1 

1 

10 i 

20 

30 

40 

80 

CO2 evolved (cc.) . . 

O2 absorbed (cc.) . . 

Respiratory ratio . . 

5 « 

7 > 

0..S2 

48 

57 

0.84 

38 

40 

0.77 

1 

33 

1 4 .S 

0-73 

2(i 

' 38 

o . 6 q 

17 

32 

0-53 


concentrations of carbon dioxide were found for onion and tulip bulbs and 
for beet roots. With asparagus shoots and shelled lima beans on the 
other hand, high concentrations of carbon dioxide resulted in a reduction 
in rcspiiation rate as in germinating mustard seeds. 

The most marked effects of variations in the oxygen and carbon dioxide 
concentiations of the atmosphere upon respiration are doubtless those 
upon roots, underground stems, and seeds. The carbon dioxide concentra- 
tion of the soil atmosphere may sometimes he as much as 10 per cent and 
occasionally even higher, while the oxygen content may, in some soils It 
some times approach a zero value (Chap. XTII). The usual effect’ of 
either or both of these conditions is a retardation in the rate of respira- 

\\]V\ h.r . 1 ^ 7 I'-nap. XIV) and of mineral salts (Chap 

roots, growth of roots (Chan WTV^ « i ■ i.* ^ 

seeds (Chan WYT\n i XAlA), and germination of 

.Meets (Chap. XXXI V) may be retarded or even entirely inhibited 
6. Hydration of the r . nimnuca. 

esses, the effect of the hydration of thp ° ^ number of other proc- 
best be observed m germinating seeds (Fig. 111 ). The marked rise in 
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the rate of respiration as the water content of wheat seeds increases from 
16 to 17 per cent, as contrasted with the small effect of increase in water 
content in the range below 16 per cent, is probably a result of practically 
all of the water in the seeds being in the bound condition at water contents 
below 16 per cent. The data in Fig. Ill show why it is highly desirable 
that the water content of grains be below a certain value before they are 
placed in storage. 

Similar results have been obtained with tissues of some of the more 
extreme xerophytes, such as many species of lichens, which can be desic- 
cated to an air-dry condition without losing their viability. As the water 

content of such tissues is increased, 
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Fig. 111. Relation between water 
content of wheat grains and rate of 
respiration. Data of Bailey and Gur- 


often no great effect upon the rate 
of respiration is observed until a cer- 
tain water content (which varies ac- 
cording to the tissue) is attained, 
after which the respiration rate in- 
creases rapidly. 

Minor variations in the water con- 
tent of well-hydrated plant tissues 
do not have any great influence upon 
the rate of respiration. AVhen the tis- 
sues of leaves or other plant organs 
approach a wilting condition, accu- 
mulated starch is often converted 
into sugars. This increase in sugar 
content of the cells presumably ac- 
counts for the rise in respiration rate 
which is often observed in wilting 


jar (1918). tissues. 

7. Numerous investigators 

have reported increasing or decreasing effects of light on respiration m 
plants (AVeintraub, 1944) but, with rare exceptions, these can be inter 
preted as indirect influences. Although direct effects of light on 
tion appear to be exceptional, a few undeniable examples are 
Emerson and Lewis (1943) have found that light absorbed by caro 
pigments in Chlorella has an enhancing effect on respiration. AVein 
and Johnston (1944) likewise appear to have demonstrated a direct ® 
of light on the respiration of etiolated barley seedlings. On t e 
hand, light clearly has a number of indirect effects on the rate ® 
tion of foods ixi plants. In chlorophyllous organs light may affect 
of respiration because of its influence upon the supply of respiratory^^ 
strate resulting from photosynthesis. Plant organs exposed to 
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lumination almost always have a temperature in excess of that of similar 
organs not so exposed. The heating effect of light is one of its most im- 
portant indirect effects on respiration. 

8. Injury . — Wounding of plant tissues almost invariably results in a 
temporarily increased rate of respiration. If a potato tuber is cut in half, 
for example, the loss of carbon dioxide from the two halves will be con- 
siderably greater than from the intact tuber. Similar results have been 
observed for many other plant tissues. The increased respiratory activity 
of wounded or otherwise injured i)lant tissues gradually rises to a max- 
imum which is generally attained within a day or two, after which a 
diminution in rate sets in until api)roximately the rate which prevailed 
in the uninjured tissues is re-established. 

Hojikins (1927) and others have shown that this increased respiration 
of potato tubers following wounding is correlated with an increase in the 
sugar content of the tuber. This increase, which amounted in Hopkins’ 
experiments to from o3 to 68 per cent of the sugar originally present, 
occurs gradually, the maximum not being attained until several hours 
after the injury. The increase in sugar content is greater in the cells close 
to the cut surface than in those which are more remote from it. This in- 
crease in the quantity of the respiratory substrate is apparently an im- 
portant factor in accounting for the increased loss of carbon dioxide bv 
l)otato tiil)ers following wounding, and probably of many other tissues 
as veil. 


9. Mechanical Effects.~A purely mechanical “stimulation” of respira- 
tion has been demonstrated in the leaves of a number of species by Audus 
(1939, 1940, 1946). A gentle rubbing or bending of the leaf blade was 
sufficient to induce a marked rise in the respiration rate (often over 100 
per cent) which persisted for some hours. No such effect was found for 
leaves in an atmosphere of nitrogen, indicating that the influence is on 
the aerobic phases of respiration. The mechanism of this effect is un- 
known, but it is obvious that it should be taken into account in any exper- 
iments on respiration which require handling of the plant material. 

10. Effects of C ertain Chemical Compounds on Respiration . — Although 
Hie rate of respiration, like that of other metabolic processes, may be 
in(lnenced by many different kinds of compounds, particular interest 
attaches to certain substances which act more or less as enzymatic inhib- 
itoivs when present in very low concentrations at one stage or another of 
tie lespiratory mechanism. Among these are cyanides, azides, carbon 
monoxide, fluorides, malonates, and iodoacctate (Chap. XVI, XXII). 

Narcotics, .such as chlorofonn and ether, also have pronounced effects 
on, respiration in low concentrations. Although in very low concentrations 
t 1 C e cct of buch compounds is sometimes an enhancement of the res- 
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pirauon rate, most commonly their effect is an inhibitory one. If the 

concentration of the narcotic is not too high and the exposure not too 

prolonged, tins inhibitory effect is reversible; otherwise irreparable injury 
ot the i^rc)toj)laisin itself may soon result. 
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DISCUSSION QUESTIONS 

1. How can respiration occur at night in leaves in which the stomates are 
closed? 

2. How would you proceed to measure the rate of respiration of a potted 
l)lant? Evaluate the method chosen for sources of error. 

3. How valid is the belief that it is harmful to keep flowers in a sick room at 
night ? 

4. In a certain experiment etiolated com seedlings were measured for daily 
variation in rate of respiration in the dark. It was found that the rate i)er hour 
remained virtually constant in spite of the fact that marked variations in tem- 
perature occurred during the day. Explain. 

5. What are some of the ways in which the respiration ot plant tissue might 
alter immediately surrounding environmental conditions? 

6. Why do starchy seeds decrease proportionately more in dry weight during 
germination than oily seeds? 

7. Would the complete elimination of all animal life from the earth alter the 
relative proportions of oxygen and carbon dioxide in the air^ 

8. List specific ways in which the rate of respiration of a given plant tissue 
might be increased Decreased. 
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The summary chemical equation commonly used to represent the proc- 
ess of respiration: 


CfiHiaOe + 6 (>2 6 (’O 2 + 6 H 2 O + 673 kg.-cal. 

represents equally well the combustion of sugar. It might be taken to 
imply that the release of energy in respiration is achieved in a manner 
analogous to that by which heat energy is liberated in combustion. Ac- 
tually the two processes arc not remotely similar in mechanism. Sugar 
and atmospheric oxygen are much too stable to unite directly within any 
temperature range in which living organisms could survive. 

Unlike the combustion type of oxidation which would result from a 
direct combination of oxygen with sugar, the respiration of a hexosc to 
carbon dioxide and water involves long sequences and cycles of reactions 
in which many kinds of organic molecules participate. Some of these 
chains of reactions are known, at least lor some tissues; others seem very 
probable, but are less well supported by experimental evidence. These 
reaction chains are not the same for all tissues, and for a given tissue may 
differ depending upon various conditions and especially on whether or not 
atmospheric oxygen is available. Regardless of the exact pathway ^^hl 1 
the reaction sequence follows, howevc^r, oxidation occurs very gradually? 
step by step, with only small units of energy being released or trans- 
ferred at a time. 

As shown in the later discussion, the component reactions of respira 
tion are of a number of different kinds. The most significant from t e 
standpoint of energy release or transfer are the oxidation-reduction reac 
tions. Many of the oxidation-reduction reactions occurring in the proto 
plasm are achieved by transfers of hydrogen from molecule to molccu 
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The molecules which lose hydrogen are oxidized and those which gain 
hydrogen are reduced. The terminal reaction in many of the sequences in 
which hydrogen is shuttled from molecule to molecule is the transfer of 
hydrogen to oxygen; it is principally in such of the component reactions 
of respiration that oxygen is used and water is formed. 

Many enzymes, co-enzymes, and carriers play a role in the stepwise 
oxidation of carbohydrates or of other molecules which ser^'e as respira- 
tory substrates. Each reaction in the chain is controlled by a specific 
enzyme and often also requires the presence of a co-enzyme or carrier 
or both. Many of these enzymes have been isolated, and their part in the 
respiratory mechanism has been ascertained. Most of our understanding 
of the respiratory process has resulted from the study of these enzymatic 
reactions. The action of a specific enzyme may be checked or blocked 
by certain compounds known as inhibitors (Chap. XVI). By the use of a 
suitable inhibitor it is possible to block the aetion of one enzyme without 
checking the activity of others. The respiratory sequence of reactions 
can, therefore, be stopped at a given point and the products which accu- 
mulate studied. By systematically interrupting the chain of reactions at 
\ arious points in this way considerable information can be obtained re- 
garding the nature of different steps in the overall process. 

Anaerobic Respiration.— The external aspects of aerobic respiration have 
been considered m some detail in the preceding chapter; a similar con- 
sideration will now be given to anaerobic respiration before the mechan- 
ism of the overall process is discussed. 

AlMc Fermentation.-Th^ term “fermentation” is applied rather 
oosely to a variety of oxidation processes which are features of the metab- 
olism of various species of bacteria and fungi. Some of the better known 
fermentations are alcoholic fermentation, acetic acid fermentation, lactic 
acid fermentation, butyric acid fermentation, oxalic acid fermentation 
and citric acid fermentation. Some fermentation reactions are widely used 
m industry for the commercial production of certain chemical compounds 
The chemical aspects of many of the fermentation processes occurring in 
bacteria and fungi have been investigated much more thoroughly than the 
sirmlar processes which take place in the tissues of higher plants 

Most fermentation reactions are anaerobic, but some are aerobic In 

and° accumulate aa end"°oducts 

“ act i s aL™;: ttT‘”f ' process^ Some 

conditions (see later) . ^ ^ 

Ra?ed1?tr"^ known kinds of fermentations the most thoroughly investi- 
gated IS the process of alcoholic fermentation. Although this prLesI has 
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been familiar to the human race for time out of mind, it was not until the 
c assical researches of Pasteur, begun in 1857, that it was recognized that 
a cohohc fermentation resulted from the metabolic activities of yeast 
plants, and that it was an anaerobic process. Yeasts, it should be recalled, 
are single-celled fungi belonging to the Ascomycetes. Yeasts can multiply 
by budding and under certain conditions produce ascospores (Fig. 112). 

A further step in the understanding of alcoholic fennentation was 
furnished by Buchner’s demonstration in 1897 that an active agent or 
enzyme ( zymase”) could be extracted from yeast cells, and that this 
enzyme could catalyze the process in the total absence of yeast cells. 


Fn;. 112. 

“colony” 



Yeast 
of cells 


plants. (/I) VeKetative cell, “huddin 
resulting from InuldinK, (D) and {E) 

spores. 


g " of a yeast cell, (C) 
asci containing asco- 


Zymase is now recognized to bo a complex of enzymes rather than a single 
enzyme. 

Alcoholic fermentation may occur in almost any moist sugar-containing 
mediunf> or sugar solution, such as a fruit juice, which is inoculated with 
yeast or which is left exposed to the air. Since various sj)ecies of wild 
yeasts are blown about through the atmosphere, inoculation of such media 
will occur without human intervention. 

The following summary equation represents the net chemical changes 
occurring in alcoholic fermentation: 


C6H12C) 


“Zymase 


> 2 CaHsOH + 2 CO 2 + 21 kg.-cal. 


As this equation shows, fermentation of one mol of a hexose sugar re- 
sults in the production of two mols of ethyl alcohol and two mols of 
carbon dioxide, energy to the amount of approximately 21 kg.-cal.^ being 
released in the process. The carbon dioxide evolved escapes as a gas, 
accounting for the effervescence of a fermenting liquid. Certain by-prod- 
ucts such as glycerol, succinic acid, amyl alcohol, and other compounds 


^This value represents the energy evolved as calculated from the heat of reacUon. 
The actual decrease in. free energy (calculated from chemical affinities) under bio- 
logical conditions” is 72 kg.^cal. (Wohl and James, 1942). 
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are also usually produced in small quantities as a result of subsidiary 
reactions. The chemical mechanism of this process is considered later in 
the discussion. 

Yeasts can ferment glucose, fructose, galactose, and mannose directly. 
Since yeast cells also contain the enzymes sucrase and maltase, the di- 
saccharides sucrose and maltose can also be fermented after being hydro- 
lyzed to hexose sugars. On the other hand, most kinds of yeasts cannot 
ferment starch because they do not synthesize amylases. This is the reason 
that germinated barley (malt) is used rather than the ungerminated 
pains in the brewing industry, since the sugar content of the grains 
increases greatly during germination 

Alcoholic fermentation is an anaerobic process, occurring without any 
utilization of atmospheric oxygen. Oxidation is accomplished by inter- 
molecular atomic shifts which take place in such a manner that the sum 
total of the energy remaining in the resulting compounds is less than that 
present in the original substrate. Alcoholic fermentation results in only an 
incomplete oxidation of hexose molecules, hence the quantity of energy 
released is much less than in aerobic respiration. In spite of its relative 
inefficiency the process of fermentation is the method by which yeast 
plants obtain all necessary energy under anaerobic conditions. 

It might bo supposed that efficient aeration of a sugar solution con- 
taining yeast plants would result in complete oxidation of the sugars by a 
process of aerobic respiration. On the contrary, ethyl alcohol and carbon 
dioxide are the principal end products whether the reaction occurs in the 
presence or absence of oxygen. Some aerobic respiration (as much as 
one-thifd of the total, according to some investigators) does occur when 
oxygen has access to the yeast cells. The predominance of fermentation 
even in the presence of oxy^gen is generally ascribed to the possession by 
yeast cells of a relatively ineffective respiratory enzyme mechanism, as 
compared to a highly active fermentative system. In the presence of 
oxygen, however, multiplication of yeast cells occurs at a much more rapid 
rate than m its absence. This is undoubtedly a consequence of the 

markedly greater energy release resulting from the occurrence of some 
aerobic respiration. 


When sugar m solution is fermented by yeast one of the end products— 
ethyl alcohol-accumulates in the solution, while the other-carbon di- 
oxide-escapes as a gas. However, there is a definite limit to the accumu- 
lation of the alcohol. When the proportion of alcohol in the liquid reaches 
a certain va ue, which may range from 9-18 per cent depending upon the 

species or strain of yeast, the cells are poisoned and the fermentation 
process stops. 


Anaerobic Respiration in the Tissues of Higher Plants.— Vndev anaer 
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obic conditions, and sometimes in the presence of oxygen, processes iden- 
tical with, or similar to alcoholic fermentation occur in many of the tissues 
of the higher plants. The several terms fermentation, intramolecular 
respiration, and anaerobic respiration are in common use to designate such 
processes. The occurrence of such a process in any higher plant tissue 
results in the evolution of carbon dioxide and often, although by no means 
invariably, in the accumulation of ethyl alcohol within the cells. In some 
higher plant tissues alcohol is not a product of anaerobic respiration, and 
in others the quantity of alcohol formed does not correspond quantita- 
tively to the amount of hexose broken down. Various organic acids, such 
as oxalic' acid, tartaric acid, malic acid, citric acid, and lactic acid are also 
common end products of anaerobic respiration in the tissues of higher 
plants. 

At least a few tissues of higher plants possess such a powerful anaerobic 
respiration mechanism that the process predominates over aerobic respira- 
tion even in the presence of oxygen in considerable concentrations. In 
germinating rice grains, for example, in oxygen concentrations as high as 
about 8 per cent, the rate of anaerobic is equal to the rate of aerobic 
respiration and even in germinating wheat grains, a more markedly aero- 
bic tissue, a considerable amount of anaerobic respiration occurs at this 
oxygen concentration (Taylor, 1942). Anaerobic respiration also takes 
place in the presence of oxygen in at least some kinds of tissues in which 
the usual course of aerobic respiration has been interrupted by cyanide 
or seme other specific enzyme inhibitor. 

In the majority of the tissues of the higher plants, however, anaerobic 
respiration is induced only when the access of atmospheric oxygen to the 
tissues is largely or entirely cut off. This process can be initiated in almost 
any tissue of a higher plant by subjecting it to an atmosphere which is 
devoid of oxygen or to an atmosphere in which the oxygen concentration 
is below a certain relatively low critical value. Different tissues of higher 
plants differ greatly in their toleration of lack of oxygen and the resultant 
anaerobic respiration which takes place in the cells. Some plants or plant 
organs can survive under such conditions for long periods, others succum 
within a day or two. Maize seedlings, for example, do not remain alive 
much more than a day in an atmosphere devoid of oxygen. Apple an 
pear fruits, on the other hand, can survive storage in an atmosphere o 
pure hydrogen or pure nitrogen for months without injury. These fruits 
continue to evolve carbon dioxide under such conditions, thus indicating 
the occurrence of a type of respiration for which atmospheric oxygen is 

not necessary. 

Many of the known examples of anaerobic respiration in higher plan 
result from structural features of plant organs which prevent ready access 
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of oxygen to interior tissues. For example, the seed coats of a number of 
species are only slightly permeable to oxygen. During the earlier stages 
of the germination of such seeds, before the coats are ruptured, anaerobic 
preponderates over aerobic respiration. The best known example of this 
is in pea seeds, which in the early stages of germination evolve a volume 
of carbon dioxide three or four times as great as the volume of oxygen 
absorbed. Similarly, anaerobic respiration also occurs in corn grains, oat 
grains (especially if the glumes are left intact), and sunflower fruits dur- 
ing the early stages of germination (Frietinger, 1927). A similar condition 
probably obtains in many other seeds and dry fruits. 

Anaerobic respiration also occurs naturally in some fleshy fruits. The 
“skin’^ of some fruits, of which the grape is the most familiar example, is 
relatively impermeable to oxygen, hence this process undoubtedly occurs 
in such organs. 

It has been rather generally supposed that the interior tissues of most 
bulky fruits such as bananas, citrus fruits, melons, etc., often suffer from 
a deficiency of oxygen and that anaerobic respiration is of frequent occur- 
rence in such tissues. Gustafson (1930) has shown that tomato fruits re- 
spire anaerobically when enclosed in an atmosphere of nitrogen or hydro- 
gen and considers it possible that some anaerobic respiration may occur 
in them even when they are exposed to usual atmospheric conditions. On 
the other hand, analysis of the internal atmosphere of some of the cucur- 
bitaceous fruits has shown the oxygen concentration to be almost as high 
as in the atmosphere. While it is impossible to draw a definite conclusion 
regarding the prevalence of anaerobic respiration in fleshy fruits, it seems 
probable that this process occurs in at least some fruits of this type. 

Cacti will respire anaerobically when enclosed in an atmosphere of pure 
nitrogen (Gustafson, 1932), and it seems likely that the deep-seated tis- 
sues of succulent species may carry on anaerobic respiration under natural 
conditions. 

When freshly harvested grains, hay, shelled beans or other such rapidly 
respiring plant materials are stacked compactly or packed tightly in con- 
tainers, free access of oxygen to all parts of the mass may be impeded. 
Under such conditions anaerobic may replace aerobic respiration in many 
of the cells. Spoilage of the material for consumer use may result as an 
outcome of the accumulation of products of anaerobic respiration; this 
is especially likely if the plant material is kept at a relatively high 
temperature. 

The adverse effect of a flooding of the soil upon many species of plants 
appears to result from the substitution of anaerobic for aerobic respiration, 
such a flooded soil being practically devoid of oxygen. Submergence of a 
field of almost any crop plant — a common occurrence in some localities — 
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soon results in serious injury to the plants, even if only the roots are 
iininersed. If the flooded condition of the soil continues very long, death 
of the plants commonly results. The plants often exhibit many of the 
symptoms of desiccation, suggesting a likelihood that the physiological 
processes of the i*oots have been altered in such a fashion that absorption 
of water is no longer occurring at an adequate rate. 

At least two probable reasons can be advanced for the injurious effects 
of substitution of anaerobic for aerobic respiration in normally aerobic 
tissues. One of these is the much lower energy output of the former process 
as compared with tlie latter. Anaerobic respiration releases only a small 
fraction as much energy per molecule of hexose oxidized as aerobic respi- 
ration. In metabolically active tissues, especially, the curtailed rate of 
energy release is probably inadequate for the normal maintenance of cell 
proc('sscs and deleterious effects are soon engendered within the cells. 
Another prol)al>lc cause of impairment of cells as a result of fermentation 
is the accumulation of substances which exert toxic effects on the proto- 
j)lasm. During anaerobic respiration ethyl alcohol and other more or less 
toxic compounds accumulate in cells in which this process is occurring and 
may be translocated to other parts of the plant which are still under aero- 
bic conditions. In tissues in which anaerobiosis commonly occurs, con- 
siflerable concentrations of such compounds can be tolerated without 
harm. In normally aerobic tissue.s, however, the tolerance for such sub- 
stances is much less and their accumulation within the cells soon leads to 
injurious effects. 

In contrast with most terrestrial plants are the many aquatic species 
in which the rhizomes and roots, and in some species other organs as well, 
arc continuously submerged. In some such species considerable quantities 
of oxygen diffuse into the submerged organs through aerenchyma tissue 
from the aerial organs (Chap. XIV). At times such an internal movement 
of oxygen gas is adequate to maintain a completely aerobic respiration m 
the submerged organs, but at many times, at least in some species, it is 
inadequate, and at least some anaerobic respiration occurs. This latter 
process has been shown to be of regular or frequent occurrence in the roots 
and rhizomes of the spatterdock {Nymphaea advena) and several other 
aquatic species (Laing, 1940). In such organs respiration is at times pre- 
ponderantly aerobic and at times preponderantly fermentative, although 
there is seldom a time at which some anaerobic respiration is not occurring 
at least in those tissues which are most remote from the supply of oxygen- 

When many tissues are transferred from anaerobic to aerobic conditions 
fermentation is largely or entirely suppressed and the rate of consump^ 
tion of respiratory substrate is reduced. This phenomenon is called ® 
Pasteur effect. Although the rate of utilization of the substrate is dimin 
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ished by the shift to aerobic conditions, the energy made available in the 
cells is usually increased because of the greater efficiency of aerol)ic as 
compared witli anaerobic respiration as an energy-releasing process. The 
existence of the Pasteur effect has long been known in yeasts and in ani- 
mal tissues. Such a mechanism has also been reported to operate in vari- 
ous tissues of higher plants as, for example, the roots of carrots (Marsh 
and Goddard, 1939), barley leaves (James and Ilora, 1940), rice (Taylor, 
1942), apple fruits (Thomas and Fidler, 1941), carrot and parsnip roots 
and potato (McCormick variet}^ tubers (Appleman and Brown, 1946) 
and doubtless occurs in manv others. The exact mechanism of this effect is 
not known, although several more or less theoretical explanations have 
been offered for it (Turner, 1951). 

Glycolysis. — For purposes of discussion it is convenient to distinguish 
two major phases of respiration; (1) the oxidation of carbohydrate to 
pyru^’ic acid, a process called glycolysis,- and (2) the subsequent oxida- 
tion ot pyruvic acid. The first of these phases appears to take place in the 
same general way in many kinds of tissues in either the presence or ab- 
sence of atmospheric oxygen. The second phase may follow a number of 
diverse patterns, however, depending upon the kind of tissue and espe- 
cially upon whether it occurs under aerobic or anaerobic conditions. The 


reactions of glycolysis have been investigated most thoroughly in yeasts 
and in the muscle tissue of animals, hut there is good evidence for the 
occurrence of a similar, if not identical, chain of reactions in the cells 
of the higher plants (James, 1946; Bonner and AVildman, 1946; Stumpf, 
1950). 

The first important reactions in glycolysis are those which result in the 
phosphorylation of hexose molecules. The roles of adenosine diphosphate 
(ADP) and adenosine triphosphate (ATP) in transfers of phosphate from 
one molecule of carbohydrate to another have already been mentioned in 
Chap. XX. These same compounds play similar roles in some of the sub- 
sequent reactions of glycolysis. They act as phosphate carriers in a man- 
ner analogous to tliat in which other compounds act as hydrogen carriers 
(see later). Especial significance attaches to the energy-rich phosphate 
bonds. As dhscussed more in detail later, energy obtained in the stepwise 
degradation of hexose molecules is stored in phosphorylated compounds 
and passed rom molecule to molecule by transfers of phosphate. 
Throughout all of the reactions of glycolysis the molecules of carbohy- 
drates or derivatives therefrom remain in the phosphorylated state, and 

certain of the glycolytic reactions are catalyzed by enzymes of the trans- 
phosphorylase type. 

starting with fructose- l.G-diphosphate (Fig. 107) the probable se- 
quence of the further reactions of glycolysis is shown in Fig. 113. 

entioned later, some authors use this term in a slightly dilTeieut sense. 
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From other carbohydrates 
(See Fig.107) 


Fructose-1,6- diphosphate 

A 


aldolase 


phosphotriose isomerase 


3-phosphoglyceraldehyde 


A 


Dihydroxyacetonephosphate 


+ H3PO4 (non-eiuymatic) 


(See Chap. XXIII) 


1,3- diphosphoglyceraldehyde 


A 


H- DPN 

diphosphoglyceraldehyde dehydrogenase 


1,3- diphosphoglyceric acid -f DPN.H 2 


A 


+ ADP 

phosphoglyceric transphosphorylase 


3-phosphoglyceric acid + ATP 


A 




phosphoglyceromutase 


2- phosphoglyceric acid 


A 




enolase 


2-phosphopyruvic acid H- H 2 O 

A 


4- ADP 

phosphopyruvate transphosphorylase 


pyruvic acid -p ATP 

Fig. 113. Reactions of glycolysis from fruclose-1, 6-diphosphate to pyruvic aci 
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A major step in this series of reactions is the cleavage of fructose-1, 
6-diphosphate into the trioses: 3-phosphoglyceraldchyde and dihydrox- 
yacetonephosphatc, a reaction which is catalyzed l>y the enzyme aldolase. 

The 3-phosphoglyceraldehyde is then converted into 1 ,3-diphospho- 
glyceric acid in two steps, as follows: 


OH 


H- 

-c— 0 

li- 

i 

-0 

-0— H2P03 

H- 

-C— OH +H.,P(b^: 

lt II- 

-c- 

1 

-OH 

H- 

D— H,PO.i 

i 

H- 

I 

-c- 

1 

-0— H2PO3 


H 


1 

II 



3-pho8phoglyceraldehyde 1.3-diphosphoglyceraldehyde 


OH 


O 


H— C— O— H,PO 


diphosphoglyceraldehyde 1 1 

'-'a dehydrogenase C O — H->PO-» 

I + DPN r— - * I 

H — C — OH 


+ DPN-H 


JI— C— O— H2PO3 


H 

1 .3-diphosphoglyceraIdehyde 


H— c— o— n,po3 

I 

i 

H 

1,3-diphosphoglyceric acid 


The compound which acts as a hydrogen acceptor in this reaction is di- 
I)hosphopyridine nucleotide (DPN) and the catalyst is a dehydrogenase 
enzyme (see later). Subsequent regeneration of the reduced hydrogen 
acceptor DPN-H^ to DPN under aerobic conditions will require V, so 
this reaction indirectly results in the ultimate utilization of this quantity 
of oxygen. Under anaerobic conditions reoxidation of the DPN H2 takes 
place at the expense of the reduction of other compounds 

The 1 3-diphosphoglycoric acid is then transformed to 3-phosphogly- 

ceric acid and then to 2-phosphoglyceric acid as indicated in Fig 113 

Under the influence of the enzyme enolase this latter compound is then 
converted to 2-phosphopynn ic acid as follows: 


O 

II 

C— OH 

H— C— O— H2PO.3 
H— C— OH 
H 

2-p!io8phoplyceric acid 


0 

C— OH 

enolase | 

C— O— IUPO3 + H2O 

O— H 

1 

H 

2-ph(>iiphor>>Ttivi<- aci’<i 
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The final reaction in this series is the transfer of phosphate from 
2-phosphopyruvic acid to ADP resulting in the formation of pyruvic acid 
and ATP. 

It is worthy of emphasis that the reactions of glycolysis do not involve 
atmospheric oxygen. It is not difficult to understand, therefore, how the 
scries of reactions comprising this first phase of respiration can be the 
same, or at least closely similar, both in cells which have ready access to 
oxygen and those which do not. It is also noteworthy that very little 
energy is made available to cells by the reactions of glycolysis. 

Although pyruvic acid is probably formed in living cells as a result of 
other sequences of reactions, glycolysis appears to be of widespread occur- 
rence in living organisms. Pyruvic acid occupies a fjivotal position in the 
sequence of respiratory reactions, because from it further reaction chains 
may diverge in a number of directions. The chemical pathway along which 
this compound unrlergoes further modifications depends in part upon 
whether prevailing conditions are aerobic or anaerobic. Some of the better 
known compounds into which i^yruvic acid can be converted, in one kind 
of organism or another, as a result of relatively simple, enzymatically 
catalyzed reactions, arc acetaldehyde, lactic acid, acetic acid, oxalacetic 

acid, and the amino acid alanine (Chap. XX\I). 

Anaerobic Oxidotion of Pyruvic Acid. — In the absence of oxygen, an 
under certain other conditions, anaerobic oxidation of pyruvic acid usua y 
occurs, but the course of the reaction differs in different tissues and organ 
isms. In general the products of the anaerobic respiration of pyruvic aci 
are incompletely oxidizcfl compounds such as alcohols and organic ac 

In the yeasts and many other fungi, and in at least some higher p a 
under some conditions, anaerobic respiration results in the forma ion 


ethyl alcohol. 

The first step in this reaction is the decarboxylation of pyruvic 


acid, 


follows: 


pynivic 

carboxylfu^e 

CHj CO COOTI ZZ CHs-CHO + CO2 

)>yruvic acid acetaldehyde 

A second stop is the reduction of acetaldehyde to ethyl alcohol, wh* 
yeast occurs as follows: 

alcohol dehydrogenase t-iTJAT 

CH3CHO + DPNII2 CII3CH2OII + P 

The DPN-Ha used in this reaction may he that fonned m to 

glycolytic reaction in which diphosphoglyceraldehydc is co 
diphosphoglyceric acid. 
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In the muscle tissue of animals and in some bacteria, anaerobic respi- 
ration results in the conversion of j)yruvic acid to lactic acid: 


CHs-CO COOTI -b DPN-H 


lactic acid 
dehydroKena.«5e 


2 <■ 


^ C:H3 C:H()n-C()()H 4- DPN 


Both of the last two reactions arc further examples of reactions in which 
diphosphophyridine nucleotide (DPN) i)articit)ates as a hydrogen ac- 
ceptor or donator (see later). Among animal i)hysiologists the conversion 

of pyruvic acid to lactic acid is generally included as one of the reactions 
of glycolysis. 

Relatively little energy becomes available to cells as a result of the fur- 

thcr conversion of pyruvic acid to other compounds under anaerobic 
conditions. 

Aerobic Oxidation of Pyruvic Acid.— Under aerobic conditions the oxida- 
tion of pyruvic acid usually occurs along entirely different pathways than 

under anaerobic conditions and the end products of its oxidation arc usu- 
ally carbon dioxide and water. 

The most fruitful suggestion regarding the mechanism of the aerobic 
oxidation of pyruvic acid is that it is accomplished through a “tricar- 
boxylic acid cycle.” Several variations of this scheme have been proposed 
one of which, based largely on the suggestions of Wood et al (1942) and’ 
Krebs .,943) is re„rcs.„,o„ i„ Fig. „4. No a„e,„„t is ,“,|ie";;l 

this diagiam the numerous enzymes, coenzymes, and carriers which 
participate ,n these reactions nor the fact that many of the compounds 

wduch participate in this reaction are phosphorylated. The roles o^ sont 
of these are discussed later in the chapter. 

As shown in this figure, according to this hypothesis, a tricarboxylic 

.ioF u„.,, 
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Fig. 114. Tricarboxylic acid cycle. 
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formation of H 2 O, under the catalytic influence of an oxidase enzyme 
(see later). 

Carbon dioxide is eliminated in this cycle in the formation of aconitic, 
a-ketoglutaric and succinic acids, respectively. Water is eliminated in 
four of the reactions in this cycle, but is a reactant in two of the others, 
hence the net liberation of water is two molecules per molecule of pyruvic 
acid oxidized. The total consumption of oxygen is one-half molecule in 
each of five different reactions, a total of two and one-half molecules for 
each molecule of pyruvic acid oxidized. The summary equation for this 
phase of respiration is therefore: 

CHa CO-COOH + 2H O 2 3 CO 2 + 2 H 2 O + energy 

If the 1/2 O 2 required to oxidize the hydrogen acceptor (DPN) which is 
reduced in one of the reactions of glycolysis and the H 2 O eliminated in 
the formation of pyruvic acid (Fig. 113) be added to the equation above, 
the resulting equation will be that for the complete oxidation of a triose 
sugar such as glyceraldehyde. 

Evidence for the existence of a cycle of reactions of the general nature 
of that depicted in Fig. 114 is much stronger for animal tissues than for 
the tissues of the higher plants. However, it is well known that most of the 
o ganic acids and enzymes involved in such a cycle are common plant 
constituents, and evidence that such a cycle operates in plants has been 
steadily accumulating (Henderson and Stauffer, 1944; Bonner and Wild- 
man, 1946; Bonner, 1948; Laties, 1949). 

In aerobic respiration most of the energy release occurs during the 
later aerobic phase of the process, rather than during the earlier reactions 
of glycolysis. Energy is liberated or transferred to other molecules prin- 
cipally during the dehydrogenation reactions of the cycle. In these reac- 
tions hydrogen is transferred to oxygen, not directly, but through inter- 
mediate enzymes and carriers not shown in Fig. 114. 

Although some energy release occurs during anaerobic respiration, this 
energy is either inadequate in amount or unavailable for maintenance of 
physiological processes in most tissues of higher plants. Many funda- 
mental physiological processes are completely arrested in jflant tissues in 
the absence of oxygen. Among these are cell division, absorption of elec- 
trolytes, streaming of protoplasm, translocation of solutes, tropisms, and 
various synthetic processes. In other words all of these processes, and 
doubtless many others, can proceed only under the driving force of aerobic 
respiration. In some tissues disintegration of protoplasm ensues within 
48 hr. if aerobic respiration is stopped. Although oxygen apparently par- 
ticipates in only a few of reactions of respiration, nevertheless its presence 
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induces the establishment of chains of reactions of such a nature that at 
least some of the energy released is diverted to the accomplishment of 
essential energy-consuming reactions. 

Other mechanisms of aerobic respiration besides the one described 
above probably also operate in plant cells. There is limited evidence, for 
example, that other substances in the glycolytic chain of reactions besides 
pyruvic acid may serve as the starting points for divergent pathways of 
aerobic respiration. The available information is too meager, however, to 
warrant discussion of other possible mechanisms. i 

Energy Transfer During Respiration. — So far the discussion has centered 
3n the kinds of compounds formed at different stages of respiration. Even 
more at the heart of the process are the transfers of energy which occur ; 
from molecule to molecule Such energy transfers are the mainspring of 
life. 

Any detailed treatment of the intricate and far from fully understood 
mechanisms of energy transfer in biological oxidations is beyond the scope 
of this book. Only a few of the most fundamental aspects of this topic can 
be discussed briefly. Many, probably most, of the energy transfers occur- 
ring during respiration hinge on the formation of labile high-energy phos- 
phate bonds. The term “high energy” does not mean that the phosphate is 
strongly bonded — the contrary is usually true — but that when such a bond 
is disrupted in a chemical reaction, that a relatively large amount of 
energy is released. Not all phosphate bonds are of the high-energy type. 
The ester type phosphate bonds in the phosphorylated sugars, for exam- 


ple, are all relatively low-energy bonds. 

Several kinds of compounds in which high-energy phosphate bonds are 
present are known to exist in living organisms. The best knowm, and 
ably most important, of these are adenosine triphosphate (ATP) 
adenosine diphosphate (ADP). These two compounds are derivatives o 
adenosine-5-monophosphate (AMP) w’hich is a complex compoun 
structcd from one molecule each of adenine (a purine base), 
phosphoric acid. ADP differs from AMP in having a second V 

group linked to the one present in AMP, and ATP has a third phosp ® 
group linked to the second one of ADP. Thus an ATP molecule con ain^ 
a chain of three phosphate groups linked together. The chemical bon s 
the second and third phosphate groups of ATP and of the secon P 
phate group of ADP, but not the first group in any of the adenosine 
phates, arc high-energy bonds. The energy liberated on hydro ysi 
either of the high-energy phosphate groups of ATP is about 12,000 ca o^^^ 
per mol. In contrast that released upon hydrolysis of the ester ty^ 
phate bond such as occurs in phosphorylated sugars is only 


calories per mol. 
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In general, energy is stored in high-energy phosphate bonds as a result 
of reactions in which phosphorylated compounds are oxidized. The con- 
version of 1,,3-diphosphoglyceraldehyde to 3-phosphoglyceric acid is one 
example of a reaction in which ATP is synthesized (Fig. 113). The gly- 
ceraldehyde is first oxidized (by loss of 2 H to DPN) to 1,3 phosphogly- 
ceric acid. As a result of this reaction one of the phosphate groups in this 

O 

molecule becomes a carijoxyl iihosphate grouj) CO-IPPO., which con- 


tains another type of high-energy pliosphate bond. Because of tlie high 
energy of this bond it can be transferred in an immediately following 
reaction to ADP, becoming a high energy phosphate bond of ATP. 

From the standpoint of cellular energetics the number of ATP mole- 
cules generated |)cr molecule of hexose oxidized is very significant. In cer- 
tain animal tissues from 12 to 24 mols of energy rich phosphate are 
formed for each mol of hexose completely oxidized. It appears that 
roughly about half of the total energy released in respiration is stored in 
this way. It is a reasonable presumption that an approximately similar 
situation prevails in plant tissues. Some ATP molecules are synthesized 
during glycolysis (Fig. 113) ; still more are generated in certain reactions 
of the tricarboxylic cycle. Many of the compounds which participate in 
this cycle are undoubtedly in a phosphorylated state, although in the pres- 
ent incomplete status of our knowledge it is not practicable to represent 
them in this way in Fig. 114. 


By release of energy stored in energy-rich phosphate bonds, energy- 
requiring metabolic reactions which would otherwise not take place Ire 
made to occur. Such phosphate bonds are thus a connecting link between 
the energy-releasing reactions of respiration and the numerous energv- 
consummg reactions which are integral steps in metabolism. The reaction 
in which the ATP was synthesized is said to “drive” the reaction in which 

he phosphate bond energy is used, the two reactions thus being connected 
through ATP as a common reactant. mtetea 

Organic AciJ Metabolism.— It is clear from the previous discussion that 
respiration, particularly in its aerobic phases, represents largely the metab- 
olism of organic acids. Apart from the fatty and amino acids whicrare 
considered m later chapters, the more important organic acids o n nn" 
m plants are oxalic, tartaric, succinic, fumaric malic 
aconitic, citric and isocitric and « t-Ptr. i ♦ o’ Pyruvic, 

aconitic, are spldom if ever preLt in m ^^^^^aric, and 

p esent-m appreciable amounts, but are im- 
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portant metabolites as discussed previously. Although present in all parts 
of the plant these organic acids are, in general, found in the greatest quan- 
tities in leaves and fruits. 

The organic acids integrally involved in the respiratory process are also 
metabolically related to the synthesis of fatty acids (Chap. XXIII) and 
amino acids (Chap. XXVI). The former are one of the kinds of com- 
pounds from which fats and oils are made; the latter are the compounds 
out of which proteins are synthesized. Since the organic acids that serve 
as respiratory intermediates arc derived from carbohydrates they occupy 
a metabolic crossroads between carbohvdrates on the one hand and fats 
and proteins on the other. 

0 

Any compound containing a carboxyl (— C— OH) group or groups falls 
into the category of an organic acid. Some of the important plant acids, 
such as a-ketoglutaric, oxalacetic, succinic, fumaric, and malic are di- 
carboxylic; others such as aconitic, citric, and isocitric, are tricarboxylic. 
Several of them, such as pyruvic, oxalacetic, and a-ketoglutric, are keto- 
acids, i,e,y contain a ketone ( — C=0) group. Certain of the plant acids, 
such as isocitric, malic, and tartaric are hydroxy acids, f.c., contain 
hydroxyl groups other than those in the carboxyl groups. 

The fact that many plant tissues can metabolically fix carbon dioxide 
from the atmosphere in nonpliotosynthetic processes has already been re 
ferred to in Chap. XVIII. This phenomenon is especially prominent 
among many plants of the succulent habit of growth (Bennet-C ar 
1949), and appears to be closely related to the organic acid metabo ism 

of plants. , .j 

In some succulent species the organic acid content shows a regu ar 

cycle of increase during the night hours and decrease during the 
hours. The synthesis of organic acids in the leaves of some 
directly related to the carbon dioxide concentration of the atmosp 
Bryophyllum crenatum, for example, virtually no organic acids 
thesized in the dark in the absence of carbon diOxide, but the grea 
carbon dioxide concentration in the air up to 10 per cent ^ ^ g. 
the quantity of organic acids synthesized (Bonner and Bonner, 
principal acids formed are citric, malic, and isocitric. The xg jg 

tion in the organic acid content of the leaves of certain 
therefore probably to be explained on the basis that, during e 
carbon dioxide concentration in the photosynthetic tissues is ma 

at a low value and little or no synthesis of organic acids respira- 

the carbon dioxide content of the tissues builds up as a resu o 
tion and synthesis of organic acids is favored. 
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Carbon dioxide fixation in the leaves of nonsncculents al>o involves 
organic acids. For example, when leaves of tomato, tobacco, or l)arley 
were exposed to carbon dioxide containing radioactive carbon for 15 min. 
in the dark and then analyzed, most of the radioactive (*arbon was founcl 
in malic or succinic acid (Stutz and liurris, 1951 ). 

Carbon dioxide fixation in a species of bacterium has bt'cn sliown to 
take place by the follow^ing reaction: 


oxalacetic carboxylase 

CHj-CO-COOlI + CO, zzrz:: HOOC’-CiU CO-COOH 


pyruvic acid 


oxalacetic acid 


This reaction is calb^l the AVood and A\>rkman (19361 reaction after its 
discoverers. It is probable that caibun dioxidt' fixation in the tissues of 
higher plants occurs either by this or other similar n'actions. Support for 
this view is afforded by tlie fact that oxalacetic carI>oxyiase, which cata- 
lyzes the AVood and AA'crkman reaction, has been found in a number of 
species of plants (A^ennesland, 1949). The enzyme oxalsuccinic carboxy- 
lase, w^hich catalyzes a similar reaction in which carbon dioxide is fixed by 
reacting with a-ketoglutaric acid, forming oxalsuccinic acid, lias also been 
found in higher plants iC'eithaml and Vennesland. 1949i. This latter acid 
is readily converted into iso-citric acid. 

The oiyanic acids syntlu'sized by direct fixation of carbon flioxidc un- 
doubtedly (nter into the stream of metabolic reactions, jiarticnlarly the 
chains and cvcles of reactions w'hich constitute the respiratorv iirocess. 
That dark fixation of carbon dioxide in organic acids is a ]i< s<ibl(‘ first 
st('p in photosynthesis lias already been mentioned in Chaji. W ill. 

Respiratory Enzymes. — As the jirevioiis discussion has indicatcl, many 
different kinds of enzymes participate in tlie reactions of resjiiration. 
Respiratory enzymes possess, in general, the jiroperties of enzymes al- 
ready discussed in Chap. XVT. Most, if not all, of the resinratory enzymes 
either have a prosthetic group or else have a coenzyme associated wdth 
them. Among the oxidizing-reducing enzymes it is the prosthetic group or 
coenzyme wdiich readily undergoes oxidation and reduction. The same 
prosUietic group or coenzyme can be associated with any of a number 

of different proteins, and enzyme specificity appears to depend upon the 
protein fraction of the enzvme. 

The principal categories of enzymes involved in respiratory reactions 

arc transphosphorylases, desmolases, carboxylases, hydrases, dehyrlro- 
genases, and oxidases. 

Transphosphorylases. — Tlip i)rinpipal enzymes of this type arc listed in 
Table 18. an.I examples of reactions which they catalyze are shown in 
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Fig. 107 and Fig. 113. In general, these enzymes catalyze transfers of 
pliosphate groups^ either from one kind of molecule to another, or from 
one position to another position in the same kind of molecule. Very little 
is known of the chemical constitution of the transphosphorylases. The 
j)resence of magnesium ions is necessary for at least some of the trans- 
phosphorylases to exert their catalytic activity. 

De smolases . — These are enzymes wliich catalyze reactions in which 
carbon chains are broken or lengthened. The best known example is 
aldolase (Fig. 113). This enzyme is known to be present in the tissues of 
the higher jdants (Tewfik and Stumpf, 1949). 

Carboxylases . — Enzymes of this type catalyze the reversible carboxy- 
lation of certain organic acids and related compounds. These enzymes are 
sometimes classified under the desmolases. Equations for reactions cata- 
lyzed by pyruvic carboxylase and oxalacetic carboxylase are given earlier | 
in the chai)tcr. A close relationship between thiamine (Chap. XXVIII) i 
and pyruvic carboxylase has been recognized since the work of Lohinann 
and Schuster (1937). The comiiound diphosphothiamine is now recognized 
to be the coenzyme of iwruvic carboxylase anrl of several other similar ^ 
enzymes. 

Ilydrases. — These are enzymes which catalyze the addition or subtrac 
tion of water from molecules without causing their splitting. One example 
is enolase which catalyzes one of the reversible reactions of glycolysis , 
(Fig. 113). This enzyme is a metalloprotein, most probai)ly a magnesium 
compound. Fumai'ase, wliich catalyzes the reversible conversion of L-ma 
acid to fumaric acid, and aconitase, which catalyzes the reversible tr^s 
fonnation of aconotic to isocitric acid (c/. tricarboxylic acid cycle, iS 


114) , arc other examples of hydrases. • i p ns 

Dehydrogenases. — Enzymes which accomplish intercellular oxi ^ 
and reductions by the transfer of hydrogen from one kind of mo ecu 
another kind arc called dehydrogenases. The essential effect of 
zymts is that of activating the hydrogen of metabolites. Dehydroge 
arc widely and probably universally distributed throughout the p 


animal kingdoms. 

Some dehydrogenases can transfer liydrogen directly to 
rcsembling oxidases (see later) in their action. Such “aerobic 
ases” appear to be more common in animals than in plants. 
dehydrogenases” transfer hydrogen to other compounds Yhe 

hence can operate under either aerobic or anaerobic con i 
majority of plant dehydrogenases are of this latter type. Qf which 

Dehydrogenases operate simultaneously on two gj^ated)* 

is oxidized (dehydrogenated) w'hilc the other is reduced (hy 


The former is called the hydrogen donator; the latter the hy 
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^07*. Some, and perhaps all. dehj'drogenases can catalyze the same reaction 
in both directions. Alcohol dehydrogenase, mentioned earlier in the discus- 
sion, can, for t'xample, catalyze both the dehydrogenation (oxidation) of 
alcohol to acetaldehyde, and the hydrogenation (reduction) of acetalde- 
hyde to alcoliol. Dehydrogenases are commonly named for the substrate 
which serves as the hydrogen donator. Some {)f the principal dehydrogen- 
ases known to occur in plants are listed in Table 18. 

Other examples of dehydrogenase-catalyzed reactions are shown in the 
scheme for glycolysis (Fig. 113) and for aerobic respiration by the tri- 
carboxylic acid cycle (Fig. 114). Among the latter is the oxidation of suc- 
cinic to fumaric acid under tlie influence of succinic acid dehydrogenase. 
I nder anaerobic test tube conditions the dye methylene blue serves as a 
hydrogen acceptor in this reaction: 


TIaCOOII 
CIIsCOOII 

Succinic 
acid 




_ Succinic acid del>y<ir<)neruuse 

Alb' - - - > 


Met'.iylene 

blue 


^HCOOH 
CIICOOII 

Fvjmaric 
acid 


+ Aihir 


Reduced 
Methylene 
blue (color- 
les.^) 


In this reaction hydrogen atoms arc sliuttlcd from succinic acid molecules 
to dehj'drogcnase molecules to methylene blue molecules, the dehydrogen- 
ase being transitorily ri'duced in the |irocess. 

Indicators such as methylene blue arc not natural constituents of living 
cells, but cells do contain numerous substances which act in a manner 
analogous to such indicators, i.e., as hydrogen acceptors. One of the most 
important of these is the complex compound cytochrome which is of wide- 
spread occurrence in both iilant and animal tissues (Keilin 1925). 

Actually three cytochromes, a, b, and c, have been identified in living 

tissues, hut for the purpose of this diseu.ssion it will not he necessary to 

differentiate among them. Cytochrome is a complex pigmented compound 

containing mm and is closely related chemically to chlorophyll arid the 
hematm of hemoglobin. 

Cytochrome performs in a biological oxidation-reduction system as a 
Indrogen corner. Under the influence of certain dehydrogenases hydroiren 
ato.ns are transfm-ed from the substrate to the cytochroL. The sulttrate 
IS thu., oxidized; the cytochrome reduced. The reduced cytochrome is then 

o:; 

lasc sec latci). This cycle can he repeated an indefinite number of 
times. Although usually classed as a hydrogen carrier tbr* \ \ ' f 
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cycle of reduction and subsequent oxidation of cytochrome, assuming suc- 
cinic acid as the hydrogen donator, can be indicated as follows: 

CH2COOH .. , CHCOOH 

» 'I + Cyt-Hj 

CH2COOH CHCOOH 

* * « « 


succinic acid 


fumaric acid 


Cy t • H2 + >^ O2 ^ 

Certain other dehydrogenases in addition to succinic acid dehydro- 
genase are linked to cytochrome in their operation. Many dehydrogenases 
are linked in their action, however, not to cytochrome, but to certain 
compounds of the class called nucleotides. The best known of these are 
dij)hosj)horyj)ridine nucleotide (DPN), also called eoenzyme I or cozy- 
mase, anrl tnophosphoyyridine nucleotide (TPN), also called eoenzyme 
II. Diphosphopyridine nucleotide is the coenzyme of, for example, alcohol 
dehydrogenase; triphosphopyridine nucleotide of, for example, gliicose- 6 - 
phosphate dehydrogenase. Either of these nucleotides can apparently 
serve as the coenzyme for malic dehydrogenase or for lactic (lehydro- 
genase from animal tissues. Both of these f'ompounds arc in part deriva- 
tives of nicotinic acid, one of the B-complex vitamins (Chap. XX\ nil- 
The pyridine nucleotides are widely distributed in the tissues of plants 
and animals. 

The pyridine ring of the nicotinic acid amide is the active group in both 
of these compounds, being reversibly oxidized or reduced by the loss or 
gain, respectively, of pairs of hydrogen atoms. Under the influence of a 
nucleotide-linked dehydrogenase, hydrogen is transferred from the sub- 
strate to the nucleotide, whence it is usually transferi'cd, under the influ- 
ence of other enzymes, to other molecules. The nucleotide coenzymes thus 
act, in effect, as hydrogen carriers. Under aerobic conditions, the chain 
of molecule-to-molecule transfers of hydrogen usually terminates with the 
transfer of hydrogen to oxygen, forming water, under the catalytic influ- 
ence of an oxidase enzyme. 

Examples of reactions in which a nucleotide coenzyme plays a role na^ ( 
already been given under the discussion of glycolysis and the anaerobic 
respiration of pynivic acid. 

For some of the aerobic dehydrogenases the prosthetic group or coen 

zyme is the compound isoalloxanthine-adenine-dinucleotidc, which is in 

part a derivative of riboflavin (Chap. XXVIII) , another of the B-comp ex 
vitamins. This compound acts as a hydrogen carrier in certain oxidation 
reduction reactions in a manner analogous to that of other carriers previ 
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ously described. The riboflavin group is the active one in this compound, 
each of two of the nitrogen atoms of the riboflavin reversibly losing or 
gaining a hydrogen in oxidation or reduction reactions, respectively. 

The activity of dehydrogenases may be greatly retarded or completely 
blocked by various organic inhibitors. Some cieh 3 '(lrogenase inhibitors are 
more or less specific in their action. For example, malonic acid and pyro- 
phosphate are strong inhibitors of succinic acid dehydrogenase, but 
scarcely affect other enzymes of this type. Similarlj'- iodoacetate is a much 
stronger inhibitor of alcohol dehydrogenase than of most other dehydro- 
genases. Other inhibitors, such as urethane, have a generally retarding or 
checking effect on the activity of all dehydrogenases. 

Oxidases. — These are enzymes which activate molecular oxygen to 
which hydrogen is then transferred from oxidizable substrates. The usual 
products of an oxidase-catalyzed reaction are an oxidized (dehydro- 
genated) substrate and reduced oxygen, i.e., water. It is obvious that 
oxidases can operate only under aerobic conditions. The three principal 
oxidases known to occur in plants are cytochrome oxidase, tyro^nase, and 
ascorbic acid oxidase. Enzymes of this type catalyze, for example, the 
final step in those reactions of the tricarboxylic acid cycle (Fig. 114) in 
which oxygen is a reactant and water is an end product. 

Cijtochrome oxidase is probably the most widely distributed of the 
oxidases and is known to be present in the tissues of a number of plants 
and of many animals. The enzyme catalyzes the oxidation (dehydrogena- 
tion) of cytochrome which has previously been reduced (hydrogenated) 
by the action of a dehydrogenase as described above. 


Tyrosinase {polyphenol oxidase, catechol oxidase) is widely distributed 
in both green and non-green plants but is uncommon in animals. This en- 
zyme catalyzes the oxidation (dehydrogenation) of a large number of 
phenolic compounds such as guaiacol, catechol, pyrogallol, and tyrosine 
(Nelson and Dawson, 1944) . Oxidation probably takes place to the cor- 

responding hydroxyqumone, as the following representative reaction for 
the oxidation of catechol shows: 



-p 02 tyroBinaae 



+ H2O 


'catechcl 


o-hydroxyquinone 
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Rapid polymerization of the hydroxyquinone results in formation of some 

of the dark-colored pigments which are characteristic end products of 
this reaction. 

The frequently observed reddish, brownish, or blackish discolorations 

m cut or cnished plant tissues, or in expressed juices, result largely from 

the oxmative activities of tyrosinase or from the activities of its oxidation 
products, such as the hydroejuinones. 

Ascorbic acid oxidase is found in many, although by no means all, plant 
tissues but IS not known to occur in animals. This enzyme catalyzes the 
oxidation (dehydrogenation) of ascorbic acid, also called vitamin C 
(Chap. XXVITI), to dehydro-ascorbic acid as follows: 


0=< 

w' 1 

I 

HO C 
. ■ 


0 

HO— ( 

9 

t 

H — C 1 

1 

HO— C 

I 

H 

HO — C 

H 


O + JOa 


H 


L ascorbic acid 


ascorbic acid 
oxidase 


0=c 1 

I 

o^c 

I O + H2O 

o=c 

I 

H— C ' 

HO— C — H 
HO— C — H 

I 

H 


dehydro-L-ascovbic acid 


The reverse of the above reaction also occurs readily in plant tissues, 
under the influence of reducing agents, suggesting that ascorbic acid may 
operate in plants as a hydrogen carrier. Ascorbic acid can also be oxidized 
indirectly in plant tissues by a reaction with a quinone resulting from the 
action of polyphenol oxidase. 

More than one of the principal plant oxidases may occur in the cells 
of some tissues. In some kinds of cells, however, one such enzyme system 
appears to be the only, or at least the predominant, one present. Cyto- 
chrome oxidase has been found in the embryos of wheat (Goddard, 1944) 
and other plants, and in various other plant tissues. Among the wide 
variety of plant tissues in which tyrosinase is found are potato tubers 
(Baker and Nelson, 1943). Cytochrome oxidase is also present in this 
tissue (Goddard and Holden, 1950). Ascorbic acid oxidase appears to play 
a role in the respiration of barley shoots (James et al, 1944) and has been 
shown to be present in a number of other kinds of plants. 

All of the oxidases appear to be metalloprotein compounds. Cytochrome 
oxidase is an iron or copper compound. The tyrosinase of potatoes is a 
copper proteinate (Kubowitz, 1937), and this also appears to be true of 
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ascorbic acid oxidase (Powers et al, 1944). In all of these enzymes the 

metallic group appears to be both the prosthetic and catalyticallv active 
group. ^ 

All of the oxidases are strongly inhibited by certain substances such as 
cyanides, sulfides, and azides, which react readily with the metallic 
groups. Many oxidases are also inhibited by carbon monoxide. For cyto- 
chrome oxidase, and perhaps some other oxidases, such carbon monoxide- 
inhibited systems can be reactivated by exposure to light. 

Peroxidases.— Enzymes of this group are widely distributed in plants 

and animals One of the best sources of a plant peroxidase is horseradish 

root. Peroxidases catalyze the oxidation of phenolic compounds and cer- 

ain other closely related substances, using oxygen derived from hydrogen 

peroxide. This latter comjiound is formed in at least small quantities in 

cells, as a result of the activity of certain aerobic dehydrogenases and 

perhaps also of other enzymes. Peroxidases are supposed to ouerate by 

ransfernng hydrogen from a sub.strate (f.e., oxidizing the subkrate) to 

hydrogen peroxide, thus converting the latter into water. The reaction is 

analogous to that of oxidases, except that hydrogen peroxide serves as 
the hydrogen acceptor instead of oxygen. 

The exact physiological role of peroxidases is not clear althou<^h it is 
considered probable that these enzymes participate in metabolicaHy im- 
portant reachons. Peroxidase from hor.seradish root is an ^ron protein 
compound with the iron in „ l.ematin group, this hotter .acting TZ 

prosthetic group Theorell, 1947). Like oxidases, l.eroxidases arc stroneiv 
inhibited by cyanides, sulfides, and azides. ^tiongly 

Catalase.— Th\s enzyme is widely distributed in living organisms Cata 
ase like peroxidases, acts on hydrogen peroxide, catalyzing its decom 

liosition into water and molecular oxygen: “ ^ ts decom- 


2 Hj 02 2 lEO + O 2 

role of catalase is rbse‘me. 'uL TollX'^nlS thartL'""’’”^^^ 
be . product of certain types of ensymatic activity ’ “ 

crystalline form by lumner and D„C no^ 7", I""”'-* 

Strongly inhibited by sulfides cyanides « ^^^y- Cat^’ase activity is 

anaerobic conditions. ’ ’ ^^ides. It is not active under 

MetabolicaHy active plant tissues usually exhibit a high rate of respira- 
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tion and a correlated high enzymatic activity. Hence a correlation usually 
exists between the catalase activity of a tissue and its metabolic status. 
Measurements of the catalase activity of a tissue are therefore often ac- 
cepted as an index of the intensity of metabolic activity in that tissue. 
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FAT METABOLISM 



Fats and fat -like substances arc present in every living cell. They are 
essential constituents of the protoplasmic system and one of the principal 
kinds of food substances. In storage organs fats and oils may accumulate 
until they make up nearly half of the dry weight of the tissues. Fats are 

comi)osed of the same three elements— hydrogen, carbon, and oxygen 

that make up carbohydrates. As food substances, however, they are dis- 
tinguished by their high energy content. This results from the very low 
l)ercentage of oxygen in the fat molecule. A single molecule of the fat 
palmitin, for example, contains fifty-one carbon atoms, and only six 
oxygen atoms. Chemically, fats and oils are similar; the distinction be- 
tween them rests on differences in their physical properties. Fats are solids 
at room temperature while oils are liquids. In addition to their great im- 
portance as foods, fats and their chemical relatives serve in a number of 
other indispensable roles in plants as the succeeding discussion will show. 

Esters. Fats and most other lipids are compounds of the type termed 
^esters. Esters are compounds formed by the reaction between an alcohol 
and an acid. The reaction between ethyl alcohol and acetic acid for ex- 
ample, results m the formation of ethyl acetate, a typical ester-’ 


C2H6OH + CH3COOH 

Ethvl Acetic 

acid 


Ethyl 

alcohol 


CH3COOC2H 


Ethyl 

acetate 


Fats and most other lipids are esters of fatty acids of relatively high 
molecular weight with complex alcohols. ^ ^ 

^ wlfiJh ari 1 ?T M considered to be compounds 

Ln ne ertT r (ether, chloroform, 

benzene, ^etc.) and which chemically are either esters of fatty acids 01^ 
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hydrolytic products of such esters. The following classification is based 
on a somewhat more elaborate one given by BloorJ 4943 ) : 


1 . Simj)le Lipids — esters of fatty acids with various alcohols, 

1 . Fats— esters (“glycerides”) of fatty acids with glycerol that 
are solid at room temperature. 

2. Oils esters (“glycerides”) of fatty acids with glycerol that 
are liquid at room temperature. 

3 . Waxes — esters of fatty acids with alcohols other than glycerol. 

II. Compound Li[)ids — esters of fatty acids containing groups in addi- 
tion to alcohol and fatty acid radicals. 

1 . Phospholipids (often called phosphatidcs) — substituted fats 
containing phosphoric acid and nitrogen. Lecithin and ceph~ 
alin are the best known examples. 

2. Glycolipids — compounds of fatty acids with a carbohydrate, 
also containing nitrogen. Compounds of this group are not 
definitely known to occur in plants. 

III. Derived Lipids — certain substances derived from compounds in the 
above groups by hydrolysis. 

1 . Fatty acids of various series. 

2. Sterols — mostly alcohols of largo molecular weight, soluble in 
fat solvents. Examples: cholesterol (CotH^.-XIH) , and ergos- 

' jterol (C,sH4snH). 

Fatty Acids. — There are two principal groups of fatty acids, the satu- 
rated and the unsaturated. With very few exceptions the fatty acids found 
in living organisms contain an even number of carbon atoms. The general 
formula of fatty acids of the saturated series is C„H2 m+iC()OH. The fol- 
lowing are the principal acids in this series: 


Formic 

Acetic 

Propionic 

Butyric 

Caproic 

Caprylic 

Capri c 

Laurie 

Myristic 

Palmitic 

Stearic 

Arachidic 


HCOOH 

CH3COOH 

CH3(CH2)C00H 

CH3(CH2)2C00H 

CHsCCHal^COOH 

CILCCIDeCOOH 

CH3(CH2)8C00H 

CH 3 (CH 2 )ioCOOH 

CH3(CH2)i2COOH 

CH3(CH2)i4COOH 

CHsCCHsIieCOOH 

CH 3 (CH 2 )i 8 COOH 


or 

CH2O2 

or 

C2H4O2 

or 

C3H6O2 

or 

C 4 Hg 02 

or 

C6rii202 

or 

C«Hio 02 

or 

CioH2o02 

or 

C12H24O2 

or 

CmB 2802 

or 

C16H32D2 

or 

C18H36D2 

or 

C20H40D2 
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riie first four homolopiuo^! in the above series do not eoinnioidy oeeur in 

fats. C aproic, cai)rylie, and eaprie acids occur as glycerides iii j)alin and 

coconut ods. Laurie acid has l)een found as a glyceride in laurel, coconut, 

and palm oils. I’ahnitic acid is found as glycerides in havlx'rry wax, palm 

od, and many other idant and animal fats. Stearic aci.l is similarly ii coti- 

stitucnt of many plant and animal fats. Arachidic acid is foun'd ahun- 
dantly as a glyceride in peanut oil. 

The great hulk of the i)lant fatty acids are of the unsaturated type. 

The molecules of such comimunds contain one or more pairs of carhoiT 

atoms united by a double bond. Molecules of such acids arc not entirelv 

saturated ’ with hydrogen as they i)osse.ss the capacity of combining witii 

two additional atoms of hydrogen for each double bond present The best 

known of the unsaturated fatty aciils is oleic acid which contains one 

double bond located at the midpoint of the carbon chain. Its formula can 

therefore be indicated as follows: CH., I CU,,) ,CH=CH (CH-MCOOII. 

Lmoleic acKl ((’.JI.T),) is an example of a fatty acid which contains two 

.loub e bonds. Oleic and linoleic are the most abundant in the form 

ogycci Ides (fats and oilsl of all plant fatty acids. Linolenic acid 

LiH l.-iof L), found in linseed oil. contains 'tliree double bonds. A number 

of other ess common unsaturated fatty acids have been isolated from the 
tissues of j)lants and animals. 

All of the unsaturated fatty acids coml.ine with hvdrogen, oxygen or 

the lialogens. The “drying” properties of linseed, sunflower, ancl certain 

other oils are a consequence of the capacity of the highly unsaturated 

atty acid ladicals of the oil for reacting will, oxygen of the air, resulting 
in the formation of solid, waxy compounds. ^ 

None of the fat-forming fatly acid.s-saturated or unsat urated-is an 

precably soluble in water. The lower members of the saturated 1-1;' ai-e 

■quids at 01 dinary temperatures, wliile tho.se containing ten or more cm- 

bon atoms are solids. Most of the unsaturated fatty acids fouL i.rnlan s' 

art liquids at ordinary temperatures. In general, the fatty acids reslmble 
the fats proper in mo.st of their properties. rtfetmble 

^ Fat-Synthesis.— It is generally considered that fats bpin„ i i i i • 
that fats are usually" ynthesi dl e e^ „^^ 

thesis is linked with the comnlicated seri?. ? *' -syn- 

cur in respiration Certain interm F * u c lemical reactions that oc- 

result of the oxidation o" c irl ! r " arc formed as a 

fats. Many of the reactions inyolTH*^^''^ synthesis of 

sions of carbohydrates and fnt leversible, so rapid interconyer- 

of one molecule of the trihvdric aleoh condensation 

^rundMc alcohol glycerol with three molecules of 
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tho same or different fatty acids. Both the glycerol aiirl the fatty acid 
molecules are tlerived from carbohydrates during respiration. The general 
scheme of fat synthesis may be therefore represented as follows: 


Carbohydrates 



Glycerol 




Fatty Acids 



Fats H- Water 


During the maturation of many oily seeds an increase in oil content 
occurs concurrently with a decrease in the (juantity of carbohydrate pres- 
ent (Table 33) . This indicates that the carbohydrates in the sectl are being 
converted into fats, and is in accord with the generally accepted theory 
of fat synthesis. 


1 # 


TABLE 33 — CHANCES IN THE PROPORTIONS OF FATS AND CARBOHVDRATES IN THE KERNEL OF 
ALMOND SEEDS DURING MATURATION (dATA OF LE CLERC DU TABLON, I896) 


Date of collection 

Per cent 
fat 

Per cent 
glucose 

Per rent 

sucrose 

Per cent starch 
and dextrins 

June 9 

2 

6 

6.7 

21.6 

July 4 

IC 

4-2 

4-9 

14. 1 

August I 

37 

0 

2.8 

6.2 

September i 

44 

0 

2.6 

5-4 

October 4 

46 

0 

^■5 

5 3 


From the preceding discussion it is evident that there arc three principal 
steps in the synthesis of fats in plants: ( 1 ) synthesis of glycerol, ( 2 ) syn- 
thesis of fatty acids, and ( 3 ) condensation of fatty acids and glycerol 
resulting in the formation of fats. 

1. Synthesis of Glycerol . — It is probable that more than one mechanism 
exists whereby glycerol is synthesized in living cells. One known method 
of synthesis is from the dihydroxyacetonephosphate which is one of the 
products into which fructose diphosphate is split under the influence o 
the enzyme aldolase in the glycolytic chain of reactions (Fig. 113). 
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H— C— O— H2PO3 
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II— C— O— H 2 PO 3 


+ DPN.H2 

H— O— OH 


1 V r eroph osph a t 6 
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duction of dihydroxyacetonephosphate converts it into a-elyceronhos- 
phate. 

Subsequent dephosphorylation of the a-glycerophosphate results in its 
conversion into glycerol: 


II 


H— C— O-II^PO 
II— 

I 

H-c— on 


II 


H— 0— on 


I Tj .V pljosnhata^e 

-|- 1I2 ' ) > ri 


II 

glycerophospliate 


— C— OH + H3PO4 


H— C— Oil 
H 

glycerol 


From the sland|.oi„t o( ciioriry rclalions it is important to note that the 



2, Fathj Acid S„c,l,cm.-A\i,h fev ercoptions fatty acid molecules 

o cur only traces healthy Apparently tatty acids are 

utilised m tat synthesis about as rapidly is they arc synthesised The 

con men and important tats ot plant cells are tonned from tatty Icid 

nioIcculc'S that hare an cyen number ot carbon atoms, the eighteen carbon 

atonri and sIxlMn carbnn atom tatty acid mofecules being abundmt 

Aithougl, there IS little doubt that tatty .acids arc svntbesT.ed t / 

tarn denvatives of »«rboKy 

r„ uic';s:erp“affi“^Sa;r “k 

animal tissues indicate that titty acids are iuilt °„p srepwise oTtT 

ble two-earbon atom compounds which might serye ruti^'n su'''b‘’°“‘' 
tions are acetaldehyde, ethanol, and acetic acid !' 

accord with the fact that naturally synthesized fattv 
conta.n an even number of carbon atoms. Barker cT a/ (it 
obtained direct evidence for the occurrence of suet! 

cthanpl by Sietions Which preii^ in SrS'as Mo‘w“f“ ““ 


C^HsOH + CH3COOH 
2 CjHtOH + CH3COOH 


> CH3(CH2)2C00H + H2O 


butyric acid 


CH3(CH2)4C00H + 2 H 2 O 


caproic acid 
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By similar reactions it may be presumed that longer fatty acid chains 
could be built up, two carbon atoms at a time. 

The conversion of carbohydrates to fatty acids, by whatever series of 
reactions this is accomplished, involves reduction of carbon atoms and 
requires energy. The energy for these chemical changes is furnished by the 
process of respiration. 

3 . Condensation of Fatty Acids and Glycerol. — The final stage in the 
process of fat synthesis consists in the esterification of glycerol with fatty 
acids. Using palmitic acid for purposes of illustration this reaction can he 
written as follows: 


CH2OH C15H31COOH QsHaiCOOCHa 


CHOH + 
CH2OH 

Glycerol 


C 15 H 31 COOH -^^CisHgiCOOCH + 3 HgO 

1 

C16H31COOH < Cist^iCOOCHz 

Three molecules of Palmitm 

palmitic acid 


In the fat palmitin, represented in the above equation, the three fatty 
acid radicals are all of the same species. This is, however, the most infre- 
quent type of fat structure. Most commonly each of the fatty acid radicals 
is different, and fats in which only two of the three fatty acid radicals 
are alike are of more frequent occurrence than those in which all three are 
alike. Naturally occurring fats are usually mixtures of a number of chem- 
ically different kinds of fats of which palmitin is simply one common 
example. 

Evidence that this is the final step in the synthesis of fats may be re- 
garded as conclusive. This is indicated on the one hand by the fact that 
when fats are hydrolyzed in the laboratory by the action of acids, alkalies, 
or extracts of the enzyme lipase the products of the reaction are fatty 
acids and glycerol, suggesting that these are also the compounds from 
which the fats are synthesized. Digestion of fats to fatty acids and gly- 
cerol in plant cells is also accomplished by lipase. 

Furthermore, synthesis of fats from fatty acids and glycerol under t e 
influence of lipase can actually be demonstrated in the laboratory, 
glycerol, a fatty acid, and an extract of lipase be mixed in the proper 
proportions, precautions being taken to keep the mixture sterile, an 
incubated for a suitable period of time, the disappearance of fatty aci s 
from the mixture can be demonstrated. Some of the fatty acid 
are removed from the mixture under such conditions and tied up m ^ 

formation of fats. , . 

The enzyme lipase is widely distributed in plants, but is foun 1 
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greatest abundance in germinating seeds in which relatively large quan- 
tities of fats are present, such as those of castor bean, soybean, sunflower 

flax, hemp, rape, and com. This enzyme is also found in animals and in 
some species of bacteria. 

The synthesis of fatty acids and glycerol appears to be so regulated 
in plant cells that neither of these compounds is present, ordinarily, in 
appreciable quantities. Furthermore, esters of glycerol with only one 
fatty acid molecule or with two fatty acid molecules are very rare It 
would seem, therefore, that the rate of fatty acid synthesis is almost 
exactly three times the rate of glycerol production and that esterification 
o g ycerol occurs promptly and completely. The synthesis of fats from 
fatty acids and glycerol involves only a negligible energy change. 

The Phospholipids.— As the name implies the phospholipids are a highly 
complex group of fatt> compounds which contain phosphorus Nitro- 
genous groups are also present in many of these compounds. The best 
known of the phospholipids are lecithin and cephalin, which are believed 
to occur in all plant and animal cells. The structural formulas of these 
two compounds are as follows, Ri and R, representing fatty acid radicals- 


CH2O— Ri 


CHO— R3 

0 

II 

-p— < 

CH2 0- 


OH 

CH2O— R, 


CHO— Rj 

0 

II 

-P— ( 

CHj 0 — 


a-lecithin 


0— CHj— CHj— N+(CH3)3 


a-cephalin 


0— CH 


NH 


OH 


IsLu^ Siff^rnU^ld^ molecules, the 

another group contailg%hosp^^^^^^^^^^ " -P»-ed by 

of fatty acids can be combined in the R, andT""’ 

and cephalins are possible. different kinds of lecithins 

certaim^T?ey?rrLheved^^^ cell metabolism is un- 

plasmic membranes and to be important h Proto- 

properties, in maintaining the stmcb.rp’ 

g me structure of the protoplasmic system. 
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The hipositols are another group of phospholipids. In these compounds 
inositol cdhsHfutes the alcohol rather than glycerol. Inositol is a cyclic 
compound containing 6 hydroxyl groups: 

OH H 

H /? ?\ OH 

l/H OlKl 

?\ H H /? 

OH\ I l/H 

C C 

I I 

OH OH 

Inositol 


Inositol has a widespread occurrence in plant tissues both in the free 
and combined foms. It appears to be one of the essential vitamins 
(Table 44 ).^^/"^ 

Sterols. — These are comi)lex, cyclic (be., containing ring groupings) 
alcohols of high molecular weight. Cholesterol (C27 H45OH) is the best 
known of these compounds and is ai>parently present in all animal cells, 
being especially abundant in the brain and nervous tissue. Cholesterol 
is not known to occur in the higher plants, but a number of similar com- 
pounds, known as the phytosterols, have been isolated from plant tissues. 
One of the most interesting of the sterols is ergosterol (C2fiH43CH). This 
was first discovered in ergot but is now known to be widely distributed 
in plants and animals. It is abundant in yeast which serves as its com- 
mercial source. Especial interest attaches to this compound, since it is 
a precursor of the anti-rachitic vitamin D (Chap. XXVIII). Upon irra 
diation ergosterol is converted through a series of intermediate compoun s 

into this vitamin. , 

Waxes. — These compounds arc usually fatty acid esters of satura c 

monohydroxy (rarely dihydroxy) alcohols such as cetyl alcohol 
OH), ceryl alcohol (C00H53OH), and myricyl alcohol (CsiHosOHJ. 
Some waxes, however, are fatty acid esters of the sterols. Waxes are o 
widespread occurrence in both plants and animals. Examples are ees » 
poppy wax, and the wax of the bayberry from which candles are ma ^ 
Physiologically waxes are important as constituents of the coa mg 
which cover the outer surface of epidermal cell walls. The . 

these waxy coatings greatly reduces the loss of water from expose p 
tissues (Chap. IX). Waxes are ver>’ rarely found withm living P 

Cutin and Suberin. — The chemistry of both of these substances is very 
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imperfectly known, although it has long been recognized that their 
chemical affinities are with the lipids. 

Cutin apparently is a mixture composed principally of free fatty acids 
(often in oxidized form) and condensation products of the fatty acids 
such as waxes and soaps. The fatty acids present appear to be prepon- 
derantly hydroxy-fatty acids, i.e., those which contain one or more hy- 
droxyl groups in the molecule. 

Suberm appears to be a mixture of substances consisting prin- 
cipally of condensation products and other modification of phellonic 

(CHa-fCHalia-CHOH-COOH), phloionic (CigHs^Oa), and other sim- 
ilar acids. The principal chemical distinction between cutin and suberin 
IS that the constituent fatty acids are different in the two materials 
and that glycerol is one of the hydrolytic products of suberin, but not of 

cu m. Suberin is found in the walls of cork cells; cutin occurs on the 
oiiter surfaces of epidermal cell walls. 

Soaps.— Fats react with inorganic bases as illustrated in the following 
representative reaction : ^ 


CisHsiCOO^ 

CisIIsiCOC)— Calls + 3 NaOlI 
CisI laiCOO'^ 

palmitin 


3 C.sHj.COONa -I- CaHsCOH), 

sodium palmitaU Klycerol 


This reaction is called saponification and the resulting salt of the fattv 

acid, in this example sodium palmitate, a soap. Soaps are of common 

occurrence in p ant cells. They are excellent emulsifiers and proZbly 
serve in this role in the protoplasm. pronamy 

Roles of the Lipids in Plants.— Protoplasm always contains finite • 
finely emulsified form. They are esneciallv abnnrlZf • ^ ^ 

of meristematic cells It is [moossiblp in A i * . protoplasm 

of n-atoriardLUrdT™: 

may ultimately be used as such and bn Jr.. Presents storage food which 
constituents of the protoplasm In ii ^^P^^sents indispensable 

which aoe rich i„ sCd 17 rit"? ‘7 

as inclusions in the protoplasm ^ ^ ^ ^ ^ 

arc liquid wli„ To 

perate zones. ^ temperatures in tem- 

apedea hTu »' ""“"y 

Of seeds in which oils occur in abundance usually 
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contain relatively small quantities of carbohydrates and vice versa. 
Species which produce seeds rich in fats include cotton, corn, peanut, 
sunflower, rape, flax, and castor bean. All of these species are important 
commercial sources of vegetable oils. Olive oil, a staple food product 
in many countries, is extracted from the fruits of the olive. Oils fre- 
quently occur in abundance in many other plant organs, as for example 
in the rhizomes of potato and iris, and in the aerial organs of many woody 
species, especially during the winter months. 

Until recently fat storage tissues in both plants and animals have 
been considered to be areas of low physiological activity. The use of 
radioactive isotopes and other tracer techniques have shown that the 
fat deposits in animal tissues are actually centers of great metabolic 
activity. Fats are constantly being digested and resynthesized. Fatty 
acids of one kind are rapidly converted into other fatty acids and built 
back into other fat molecules. Whether the fats in storage tissues of 
plants are similarly reactive is not known, but it is a reasonable pre- 
sumption that continuous utilization and resynthesis of fat molecules 
occurs in such tissues also. 

During the germination of fatty seeds the oils present gradually dis- 
appear. This is shown for sunflower seeds in Table 34, in which the “ether 


TABLE 34 CHANCES IN THE CHEMICAL COMPOSITION OF GERMINATING SUNFLOWER SEEDS, IN 

TERMS OF CRAMS PER lOO SEEDS OR SEEDLINGS (DATA OF MILLER, I 910 ) 


1 


Seeds 



Seedlings 




4 days 

5 days 

7 days 

10 days 

i4days 

^ a. ^ 

Cotyledons 

3-79 

3.00 

2-53 

1.30 

0.50 

0.32 

Ether extract 

Hyp. and roots 

0.2a 

0. 19 

0. 12 

0.21 

0.27 

0.24 


Cotyledons 

1 

1 

o.i3 

0.06 

0.09 

0. 12 

0.09 

o.oc 

1 otal sugars 

Hyp. and roots 

0.02 

0.07 

0.30 

0.43 

0-35 

0. *6 

Reducing sugars. . . . 

Cotyledons 

• « • « 

* • • • 

• « * » 

0.05 

0.09 

0.02 

Hyp. and roots 

» « • • 

; 0-07 

0.27 

0.38 

0-35 

0. 16 


Cotyledons 

1.66 

1. 18 

1.03 

0.76 

0.63 

0.4® I 

Frotcin 

Hyp. and roots 


0. 1 1 

0.12 

0.20 

0.20 

0.14 


Cotyledons 

0.15 

0. 12 

0. 13 

0. 18 

0.20 

0.21 

Cellulose 

' Hyp. and roots 

O.OI 

0.05 

0. 10 

0.24 

0. 40 

0.32 
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extract is taken as a composite measure of the oily constituents present 
Concurrently with the disappearance of fats there is a temporary increase 
m the quantity of soluble carbohydrates present as well as a progressive 
increase m the amount of cellulose. The carbohydrates are undoubtedly 
formed from fatty acids and glycerol resulting from the digestion of fats. 

can be shown that fatty acids accumulate temporarily in oily seeds 
during germination. This cannot be demonstrated for glycerol; apparently 
this compound is transformed into-other substances as rapidly as it is 
made. The simpler carbohydrates are undoubtedly formed first and cel- 
lulose then synthesized by the condensation of glucose molecules The 

iWnT f ‘^‘'"'^ases during germination, but this 

probably chiefly because of their conversion into amino acids and acid 

ZtTl the hydrolytic products of the proteins are 

h^dra P / ‘^“""truction of new protoplasm. A part of the carbo- 

svnth I'r^ chemical transformations of fats is utilized in the 

synthesis of cellulose and other cell wall constituents; another portion of 
them IS used m respiration. P^xuon oi 

Essential Oils.— These substances are chemically quite different from 

Mos ™of tb """ conveniently at thif pIT 

only in certain cells of the nlenf h a i i • ^ usually found 

synthesked in glandular cells or ha’irs ”of"Jcms 

species ot pine the oleoresin an ... . i ■, f various 

tained is synthesized in eells“rr;,;:’.:sin'rc:“ 

underVdastSZf 

Chemically the terpencs can be regarded as f 
pound isoprene, which ha. the foTlrn;^:.utr 



Terpene molecules are constructed from multinlp« f ■ 

having molecular formulas of C H r ™ isoprene molecules, 

of the essential oils is composed of tL 

isoprene units in the terpenes mav b terpenes. The 

penes may be linked together as straight chains 
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or in the form of rings, some of which may be quite complex. Further 
modifications in structure may occur as a result of oxidation or reduction 
of certain groups, resulting in the frequent presence in the molecule of 
aldehyde, ketone, or alcohol groups. 

Such oils as peppermint, lemon, rose, pennyroyal, bergamot, lavender, 
and sassafras consist largely or entirely of terpenes. The principal con- 
stituent of turpentine is pinene, a CioHie terpene. Camphor is a pure 

terpene of this same molecular formula. Most 



of the essential oils are highly volatile and 
e\'aporate readily from plants. 

The essential oils have no known role in 
plants. They are probably to be regarded as 
metabolic by-products. 

Rubber. — This well-known product of plant 
metabolism is also an isoprene derivative. A 
rubber molecule consists of a long chain (500- 
5000) of isoprene units linked together end 
to end. 

Although by no means a universal meta- 
bolic product in plants, rubber is known to be 
present in more than 2000 species. The prin- 
cipal families in which rubber plants occur are 
the Euphorbiaceae, Moraceae, Compositae, 
Asclepidaceae, and Apocynaceae. Practically 
all of the natural rubber of commerce comes 
from the tree species Hevea brasiliensis. Minor 
quantities of rubber are harvested from cer- 
tain other tropical species and from two tem- 
perate zone species, guayule (Parthenium ar- 

gentatum) and Russian dandelion (Taraxacum 


Fig. 115. Longitudinal sec- kok-saghyz). 

tion through portion of the Rubber occurs as microscopic particles 

cortex of a dandelion root diameter) suspended in the latex, 

showing lactiferous system. cfu i* n / T , » t 

The stability of the suspended rubber particles 

is maintained by proteins of the latex, some of which become adsorbed o 

the surface of the particles. Latex is a usually milky appearing i^* 

that is confined in those plants in which it occurs to the latex ducts ( i^ 

115). The latex tubes commonly ramify to all parts of those plan s i^ 

which they are present. In the trunks of Hevea and other woody 

they are confined to the bark. Rubber is not present in the latex o a^^ 

latex containing plants, and is only one constituent of the latex w en 

does occur. Other constituents, in addition to water, include amino aci 
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proteins mineral salts, lipids, sugars, tcrpcne derivatives, and enzvmes 

The rubber is actually synthesized within the cytoplasm of the 'latex 

<Iucts. The percentage of rubber in latex varies greatly from species to 

siiecies and from jtlant to plant within a species. Hevea latex is 20-60 per 
cent rubber l>y weight. 

There IS no evidence that rubber plays any essential metabolic role in 
plants. As far as is known it is merely a metabolic by-product. 
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The dry-matter content of any plant tissue can be determined with a 
fair degree of accuracy by drying a sample of that tissue in a suitable 
oven at a temperature of 100°C, The residue remaining after evaporation 
of the water represents the nonaqucous constituents of the tissue. The 
percentage dry-matter content of plant tissues varies greatly, ranging 
from 90 per cent or even more in dormant structures such as seeds to 5 
per cent or sometimes less in very succulent tissues. That the dry matter 
fraction of any plant tissue is composed principally of organic compounds 
can be demonstrated by subjecting it to combustion. This is accomplished 
by transferring a sample of the dry matter to a crucible and heating it 
over a flame or in a muffle furnace at a temperature of about 600 C. 
The small grayish residue resulting from this treatment is called the ash. 
Almost all of the dry matter is oxidized at this temperature and the de- 
composition products pass off in the form of gases. Practically all of the 
dry matter that disappears during combustion represents organic com- 
pounds which are decomposed as a result of subjection to high tempera- 
tures. , 

The ash corresponds roughly to the mineral salts that have been a 

sorbed from the soil, but does not include any nitrogen since this elemen 
passes off in the combustion process along with carbon, hydrogen, an 
oxygen. The mineral elements do not occur in the ash in the pure s a , 
but mostly as oxides. The actual values obtained for the ash content o a 
plant tissue depend upon the ignition temperature used. A portion o some 
of the mineral elements present is often lost by sublimation or vaporiza 
tion. This is especially likely to happen to chlorine and sulfur, but po as^ 
sium, calcium, phosphorus, and perhaps other elements are some imc 
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lost in this way. Hence the ash content of a tissue furnishes only a rather 
crude measure of the mineral clement content of that tissue. 

The role of nitrogen in the metabolism of plants is discussed in Chap. 
XX\ I, but from the standpoint of the mechanism of absorption of mineral 
salts, nitrogen will be included among tlie mineral elements. 

The total ash content of plant tissues and organs varies from a fraction 

of 1 per cent to 15 per cent or even more of the dry weight of the plant 

material. Fleshy fruits and woody tissues are usually low in ash content, 

often containing less than 1 per cent, while the ash content of leaves is 

usually relatively high, often exceeding 10 per cent. Tobacco leaves, for 

example, contain on the average about 12 per cent of ash on a dry-weight 

basis. The ash content of other plant organs usually lies somewhere be- 
tween these two extremes. 

Elements Found in Plants.— It is probable that there is not a single one 
of the chemical elements that is not found at least in traces in some species 
of plant, under certain conditions. Actually about forty of the known 
dements have been identified as occurring in plants by chemical analysis. 
The list of these elements includes aluminum, arsenic, barium, boron 
bromine, caesium, calcium, carbon, chlorine, chromium, cohalt, copper’ 
fluorine, hydrogen, iron, lead, lithium, magnesium, manganese, mercury’ 
molybdenum, nitrogen, oxygen, phosphorus, potassium, rubidium, sele- 
nium silicon, silver, sodium, strontium, sulfur, thallium, titanium tin 
vanadium, and zinc. ’ ’ 


TABLE 35 ELEMENTAL ANALYSIS OF THE STEM, LEAVES COB AND Tratm 

PLANT (■‘P..DE OP SALINE”), BASED ON ^VEbIcE VALeErprnvrPErTlV" 
LATSHAW and miller, 1924 ) plants (data of 


Element 


Carbon 

Oxygen 

Hydrogen. . . 
Nitrogen. . . . 

Sulfur 

Phosphorus. . 

Calcium 

Potassium. . . 
Magnesium. . 

Iron 

Manganese. . 
Silicon. . . , 

• • ♦ • • I 

Aluminum. . . 

Chlorine 

Undetermined 


Weight in grams 


364- 19 

371-42 

52.17 
12. 19 
1.416 
1.697 
1.893 
7.679 
1.525 

0.714 

0.269 

9756 

0.894 

1.216 

7.8 


Percentage of total 

dry Weight 


43-569 

44 431 

6.244 

'•459 

o. 167 
0.203 
0.227 
0.921 
0.179 
0.083 
0.035 
1 . 172 
o. 107 
0-143 
0-933 
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Only fourteen of the elements listed above are found regularly in plants 
in appreciable quantities (Table 35) and not all of these appear to be 

essential. The question of which are the essential plant elements is con- 
sidered in the next chapter. 

The composition of plant ash varies both with the species and the en- 
vironmental conditions under which the plant has developed. Comparative 
figures on tlie percentages of five ot the more important mineral elements 
in several different species of plants growing in the same soil are given in 

Table 36. 

The data in Table 36 show that, even if they develop under soil and 
climatic conditions as nearly identical as possible in a greenhouse, differ- 
ent species of plants contain very different proportions of the various 
elements obtained from the soil. Until the mechanism of the absorption 
and translocation of mineral salts into and through plants is better under- 
stood, it is doubtful if any even partially adequate explanation of this 
fundamentally important fact can be formulated. 


TABLE 36 PERCENTAGE OF CALCIUM, POTASSIUM, MAGNESIUM, NITROGEN, AND PHOSPHORUS 

IN THE TOPS OF SEVERAL SPECIES OF PLANTS GROWN IN A GREENHOUSE IN AN ALBERTA 
“black belt” loam SOIL (data OF NEWTON, I928) 


1 

Species 

Percentage of dry weight 

C;i 

K 

Mg 

N 

P 

Sunflower 

1.68 

3-47 

0.730 

1-47 

0.080 

Bean 

1 .46 

1.19 

0.570 

1.48 

0.053 

Wheat 

0.46 

4. 16 

0. 225 

2.26 

1 0.058 

Barley 

0.68 

4.04 

0. 292 

1.94 

0. 125 


The composition and other properties of the soil in which a plant is 
rooted will also have an effect on the proportion of each of the various 
elements absorbed by that plant. Innumerable examples of this fact can 
be cited from the practice of fertilizing. Addition to the soil of a com- 
pound which can be absorbed by plants usually results in an increased 
absorption of that substance by the plants although the increase in the 
amount of the element within the plant tissues is usually not proportion- 
ate to the increase in the amount of that element in the soil. Plants often 
absorb from the soil mineral salts far in excess of their actual metabolic 
requirements. Potassium, phosphate, sulfate, and other ions often accti 
mulate in plant cells in excess of the quantities, actually utilized by the 
cells. 

The Soil as a Source of Mineral Elements. — With only minor exceptions, 
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all of the mineral elements which enter into the composition of terrestrial 
p ants come from the soil. For a long time in discussions of the absorp- 
bon of mineral salts by plants, attention was focused on the soil solution 
Recent advances m sod science have made it increasingly clear, however, 
that the mineral salts dissolved in the soil solution are not the only ones 
which must be considered in any evaluation of the mineral salt relations 
ot soils as they influence the entrance of such solutes into plants. 

The fundamental physicochemical properties of soils result largely from 
components present in the colloidal state. In most soils the colloidal frac- 
tion is^ made up principally of clay micelles, but organic matter, when 
present in any considerable quantities, is also an important constituent 

I a a ^^3' particles of the soil are com- 

posed principally of alumino-silicates and, although mostly of colloidal 
dimensions, have a definite crystalline structure. 

The micelles of colloidal clay are usually negatively charged and have 
associated with them certain cations which may be regarded as occupying 

“aver Chap”‘im°''4 V '".“"I ''"“‘'I' 

the |, articles, but also rvithiu the spaces of the crystal lattice itself The' 
cations most commonly associated mith the clay ,, articles ot natural soils 
m this manner are C.e + , Mgcc, Ke, Na* „„d He, Cal ion Ir/aTso 
sim larly associated with soil colloidal particles of organic Zin 
Under certain conditions cations of one kind can be di.nlonnri^f i 

• j • 'll ^ of another kind For example if 

t“::;:z ZTo" “./e'ltr r'"-”’ - 

heing displaced into Z'-s^liLT^lrr.ZTZlrtt'Z'd:.^ a- 
Oils. This reaction may be represented as follows: 



H+ 


H+ 


+ Ca++ -f 2 Cl- 



Ca++ -b 2 H+ -f 2 Cl- 


has been written in terms of only two smpHcity, this equation 

associated with miecllcs can be replaced in d 

portion of any kind of adsorbed I e„tla ’;'" T""”' I’™- 

cations takes place «>« interchange 

The phenomenon which hn<= u 

change. Such interchanges of cations js called cation ex- 

ges 01 cations often occur very rapidly and are 
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reversible. In most neutral and slightly alkaline soils Ca"*"*" is the prin- 
cipal replaceable cation, although appreciable quantities of Mg++ are 
also often present. The ion is the principal replaceable cation in 
acidic soils. In alkali soils Na+ ions constitute a considerable proportion 
of the replaceable cations. All of the exchangeable cations are not retained 
by the micelles with equal cfTectiveness. The usual order of the retentive 
capacity of the micelles for cations is H+ )Ca++ )Mg++ )K+ ) NH4'^ 
) Na*^. fn other words, of all the cations in the above series, the ions 
are the most tenaciously bound to the colloidal particles and are the 
most difficult to displace, whereas the opposite is true of the Na+ ions. 

The addition of inorganic fertilizers to soils often induces exchanges of 
cations between the clay particles and the soil solution. If lime, for ex- 
ample, be applied to a soil, some of the introduced Ca+'^ ions will par- 
ticipate in exchanges with some of the cations already adsorbed on the 
micelles. H+ ions will be among the ones which are displaced by Ca*^"^ 
ions (cf. equation given above). In fact one of the principal objectives in 
liming a soil is to replace some of the ions which have been adsorbed 
on the micelles as a result of continuous cropping of the land (see later) 
with Ca‘^+ ions. 

The principal anions found in soils arc Cl“, SO-i , HCO.-t", H2P04"; 
NO;i“ and OPI”. Most anions leach out of soils rather readily, although 
phosphate is an important exception to this statement. Even in soils which 
have received heavy applications of phosphates, it is usual to find only 
small quantities of phosphates in the drainage waters. Evidently the 
H2P04“ ions are tied up by the soil particles in some manner. The mech- 
anism by which such an immobilization of phosphate is accomplished is 
not the same in all kinds of soils. 

In neutral and alkaline soils mo.^t phosphate fixation apparently le- 
sults from precipitation by calcium or magnesium. In acidic soils hydrated 
oxides of iron and aluminum and the mineral kaolinite are largely re- 
sponsible for phosphate fixation. H2p04“ ions substitute for OPI ions 
of such compounds. This may be regarded as a type of anion exchange 
roughly analogous to the cation exchange previously described, although 
the exact mechanism is somewhat different. Arsenate, fluoride, molyb- 
date, and hydroxyl anions may also be fixed in soils in a manner similar 

to that by which phosphate ions are fixed. 

Micro-organisms utilize nitrates, sulfates, and phosphates in the syn- 
thesis of organic compounds and these anions may thus become fixed in 
the soil in the form of such compounds. This is an entirely different kin 
of phenomenon, however, than the retention of anions in the soil by purely 

physicochemical mechanisms. 

The Penetration of Electrolytes into Plant Cells.— It is not known with 
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certainty whether electrolytes iienetrate into cells as molecules or as ions. 
Osterhout (1936) favors the former view. Although electrolytes are largely 
or entirely dissociated when dissolved in water, considerable evidence in- 
dicates that the plasma layers of the cytoplasm are of a lipoidal consti- 
tution and electrolytes can dissociate only very slightly when dissolved 

m such solvents. Other workers, however, believe that electrolvtes pass 
into cell^ in the* form of ions. 

Because of electrostatic attraction between oppositely charged ion= 
passage of a cation into a plant cell must be accompanied bv passage of 
an anion or anions of equal electrostatic charge, and vice versa, unless 
the unbalanced electrical forces which would develop as the result of such 
a situation are compensated for in some other manner. For example the 
K+ ions of KoSO^ might move into cells of roots immersed in a solution 
unaccompanied by SO., - ions, provided each were attended in its passage 
>y an OH ion. Each SO^ ion would then pair with two H+ ions 
resuhing from the dis.sociation of the water. Similarly, NO,,- ions from 

wn »>y 11+ ions originating from 

^^ater, the anions of the water pairing with the Ca++ ion. Such a mech 

anism permits the more rapid absorption of the one ion than of its original 
par ner, and commonly brings about a change in the hydrogen ion con- 
centration of the solution m which the roots are immer.sed. In the first 

on of 112804, and in the second example the solution would increase in 
a kalimty as a result of the formation of Ca(OH) 2 . Such changes in the 

^ adsorptioron::: 

ions of water in facilitating the entry of anions and cations il plant 
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eral cells of roots or of submerinll ^ periph- 
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adsorbed on colloidal soil particles. The rate of root growth through the 
soil is in itself not only an important factor in the absorption of water 
(Chap. XIV) but also in the absorption of mineral salts. The growth of 
roots through the soil constantly brings them into contact with additional 
micelles and with additional increments of soil solution, from both of 
which ions can be absorbed. 

Accumulation of Salts by Plant Cells. — This process is so named because 
it results in the building up of concentrations of salts in plant cells which 
are greater, often many times greater, than the concentration of the same 
salts in the surrounding medium. It is probably the most important single 
mechanism of salt absorption. This process is also called “primary salt 
absorption. “ 

General Aspects of Salt Accumulation . — The fact that ions may attain 
a higher concentration within living cells than in the circumambient solu- 
tion was first clearly demonstrated in the large cells of certain species of 
algae. Sap from the cells of the fresh water alga Nitella, for example, can 
be obtained in sufficient quantities to permit its accurate analysis (Table 
37). In this analysis, and in other similar ones, it has been found that 
anions and cations accumulate within the cells in concentrations which 
greatly exceed those in the bathing medium. Furthermore the electrical 
conductivity of the sap has been found to be approximately equal to that 
of a solution of electrolytes of the same concentration, indicating that 
the accumulated salts are present within the cell sap in the dissolved state. 
Both cations and anions are accumulated in cells by the operation of this 
mechanism, and often in approximately equivalent quantities. An increase 


TABLE 37 AI^ALYSIS OF THE VACUOLAR SAP OF Nitella clovata AND OF THE POND WATER 

IN WHICH IT WAS GROWING (dATA OF HOAGLAND AND DAVIS, I929) 


Ion 

Sap concentration 
(Millicquivalents^ per L.) 

Pond water concentration 
(Millicquivalents per L.) 

Ca+ + 

13.0 

1-3 

Mg+ + 

10. 8 

3-0 

Na+ 

49-9 

1.2 

K + 

49 3 

0.51 

Sum cations 

123.0 


ci- 

lOI . I 

I.O 

SO 4 -- 

13.0 

0.67 

H2P04- 

• . 

1-7 

0.008 

Sum anions 

00 

% 



1 A maiiequivalent of an ion is one-thoussodth its gram ionic weight divided by its valence. 
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in the concentration of free ions in the cell sap to a value many times 
greater than their concentration in the external solution can only be at- 
tained as a result of the diffusion of those ions against a concentration 

gradient, i.e., from a region of lesser concentration to region of greater 
concentration for each ion that accumulates. 

The cells near the tips of roots also have the capacity of accumulating 
ions aioagland and Broyer 1936). If the initial salt content of the root 
cells is low and if other conditions are favorable (see later), the concen- 
tration of ions in the absorbing cells may soon greatly exceed that of the 


f'lG. 116. 
ions, and 
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salt accumulation occurs in such cells under favorable conditions. It is 
probable that all or most plant cells are able to accumulate mineral salts 
when in a meristematic condition, but that this capacity decreases as the 
cells become mature. 

N^ecessUy of Aerobic Respiration for Salt Accumulation. — When excised 
roots of barley are immersed in dilute solutions of certain salts, accumula- 
tion of salts within the root cells occurs readily if air is bubbled through 
the system, but little or no accumulation occurs if nitrogen is bubbled 
through the solution (Hoagland and Broyer, 1936). In the absence of 



DISTANCE FROM APEX IN CM. 


Fig. 117. Distribution of accumulated rubidium in excised roots of barley in 
relation to distance from root apex. Data of Steward et al. (1942). 

oxygen aerobic respiration is checked and the accumulation of electro- 
lytes in the root cells virtually ceases (Fig. 116). A similar relation 
between aerobic respiration and accumulation of salts has also been dem 
onstrated in other plant tissues. It is pertinent to recall in this connection 
that absorption of water by most kinds of plants also requires adequate 

aeration of the roots. 

In addition to adequate aeration, other conditions conducive to 
ration must prevail if accumulation of salts is to occur at physiologica V 
significant rates. In particular there must be present in the cells a supp 
of respiratory substrate (cf. Fig. 116) and the prevailing temperature 
must be within a favorable range (see later). 
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The rate of salt aceuinulation in roots is highest close to the apex and 
decreases with distance from the root tip (Fig. 117). This is true of both 
attached and excised roots. Dividing and enlarging cells such as are 
found in the younger parts of all growing regions have an especially high 
eai)aeity for the accumulation of ions. The gradient in the accumulative 
capacity of the root cells is correlated with a progressive diminution in 
their respiratory activity with increasing di.'^tance from the apex (Machlis 
1944). As previously discussed in Chap. IX there is not commonly any 
close correlation between the rate of absorption of water by roots and the 
rate of ali.'^orption of mineral salts. Most accumulation of' salts occurs in 
the young cells close to the apex of the root, while the bulk of the absorp- 
tion of water appears to occur in the root-hair zone. 

Roots capable of rapid salt accumulation do not alisorb salts at an ap- 
preciable rate from a culture solution even when the concentration of ions 
m the solution greatly exceeds that of the root cells unless aerobic respi- 
ration IS taking place (Hoagland and Broyer, 1942). In the absence of 
aerobic respiration the membranes of eells otherwise capable of salt accu- 
midation behave as if they were relatively impermeable to salts. 

he accumulation of i„ns in root cells to concentrations exceeding those 
of the same ions m the external solution rccpiires a continuous expendi- 
rc of energy. Likewise the retention of free ions within cells in greater 
concentration than in the ext,.rnal medium also requires a continuous' 
expenditure of energy. The necessary energy undoubtedly eomes from the 

piocess of icspiration, but the exact manner in which it is utilized in the 
aocunuilation inoclianism is not known. 

Fleets of the Environment of the Aerial Organs on Salt Accumulation 

l.la..,., f„.. ,,,J ,7 ,,7“ '"'* of root, of ...rley 

when light intensities arc low and tlfe 'months 

idants absorbed much less salt fm u relatively short, barley 

‘•'an during the sumnioTnmnt^^^^ T 
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.'Stances, and other organic materirisT growth sub- 
The rate of transLatior I system. 
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in the xylem ducts in which they are carried along in the transpiration 
stream (Chap. XXVII). Crafts and Broyer (1938) suggest that, since the 
cortical cells of the roots arc progressively less well aerated toward the 
center, there is in such cells a corresponding gradient of decreasing capac- 
ity to accumulate or hold solutes. As a result a concentration gradient 
may be established from peripheral cells to the xylem elements along 
which solutes move by diffusion, perhaps supplemented by protoplasmic 



streaming. Solute movement from cell to 
cell is probably at least in part through 
j)lasmodesms. Rapid transpiration, in 
general, results in accelerating the rate 
of movement of salts from the xylem 
elements of the roots to the leaves. Indi- 
rectly transpiration rates may also in- 
fluence the rate of movement of salts 
across the root, since a high rate of tran- 
spiration presumably would favor the 
establishment of a steeper gradient of 


TEMPERATURE. o*c mineral salt concentrations across the 


Fig. 118. Relation between tem- 
perature and accumulation of 
ions by excised barley roots. 
^‘Accumulation ratio” is the con- 
centration in the sap divided by 
the final concentration in the ex- 
ternal solution. Data of Hoag- 
land and Broyer (1036). 


root. 

Permeability and Salt Acciimvlation, 
— Most investigations of the permeabil- 
ity of the cytoplasmic membranes indi- 
cate that electrolytes enter plant cells 
relatively slowly. Nevertheless, when 
conditions favorable to salt accumulation 


prevail, the salt content of root cells may 
increase several hundred per cent within a few hours. The apparent dis- 
crepancy between the rapid accumulation of salts under some conditions 
and the low measured permeabilities of cytoplasmic membranes to elec- 


trolytes are probably to be explained on the grounds that most measure- 
ments of permeability have been made with cells in which metabolic con- 
ditions favorable to the rapid penetration of electrolytes did not prevail. 
The relative amounts of different cations which accumulate in plant cells 


appear to bear no relation to the permeability of cytoplasmic membranes 
to them as measured by usual methods. Ca++ and Mg^"^ ions, for ex- 
ample, commonly accumulate in cells to greater concentrations than Na"^ 
ions, yet most studies indicate that protoplasmic membranes are inore 
permeable to Na+ ions. The relative quantities of the various cations 
found in plant cells cannot be correlated with their lipoid solubility, 


kinetic activity, or physical dimensions (Collander, 1941). 

The Influence of Temperature upon Salt Accumulation , — The fact that 
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salt accumulation by root cells is dciiciulcnt upon respiration suggests 

that temperature may have a marke.l effect on the process, a supposition 

which has been confirmed experimentally (Fig, 1181. As indicated in this 

figure the Q,„ of the jirocess of ion accumulation is in the range of two 
to throe. 

Salt Accumulation and Organic. Acid d/eta6o/fsw.— The number of 
cations and amons in the cell saj) must be maintained in such a balance 
tiuit the solution remains electrostatically neutral. It is common, how- 
ever, to find that the cell sari contains a large excess of inorganic cations 
(1 icrce a, Hi Applemarr, 19431. The excess of inorganic cations is clectri- 
call> balanced by organic ani6ns synthesized in the cells. The high ratio 
nf morgamc cations to inorganic anions in the cell sap may arise in at 
easMwo ways; (1) the cation may be accompanied into the cell bv an 
n ion or an H('0, ,on instead of its original inorganic partner in the 
cxteinal medium, or (2i certain inorganic anions may enter more rapidly 
in 0 oiganic comiunations and be removed from the cell sap by the 
■ tabohe activities of the protoplasm. Nitrate anions, for example arc 
often quickly reduced in the cells of the roots and svnthesized into or- 
game nitrogenous compounds fChap. XXVI) leaving behind in the cell 

e'ell n w'r "f ''PO" the 

■ 1 ^■'Jsc correlation between the cxcc.ss absorption 

o niorgimic cations and the increased organic acid content o nt 

t^sues. ^M.enever surplus inorganic cations accumulate in the cells ^r 

(-aim, acid anions al.so accumulate and whenever the content nf 

exceeds that of cations the organic acid content of the cells is corre^mnd^ 
Hi^dy decreased {Ulrich 1942) correspond- 

aiijicars to be influenced bv the ■ r absorbed by living cells 

in the culture solution There is m present 
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1944). The favorable effect of the "'poly valenU F 
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the cultuie solution at the time the monovalent ions are being absorbed, 

a circumstance which indicates that the more important effect may l)C 

some change in the structure of the prot<)[)lasmic membranes affecting 

their permeability, brought about, however, only in connection with 
aerobic respiration. 

Ionic Exchange Mechanisms. — Fundamentally these mechanisms consist 
in tlie exchange of anions or cations from within cells for ions of the 
same sign and equivalent charge in the environment of the absorbing cell. 

If excised barley roots in which radioactive K"*" ions have been allowed 
to accumulate from a solution are transferred to distilled water, almost 
none of the radioactive ions are lost from the roots into the water (Jenny 
and Overstreet, 19381. The cytoplasmic membranes of the root cells be- 
have as if completely impermeable to the ions which entered the cells 
readily before their transfer to distilled water. When similar excised roots 
are transferred to a dilute solution of nonradioactive KBr, some of the 
radioactive K+ ions move out of the root cells into the solution at the 
same time that nonradioactivc K"*" ions are moving into the cells from 
the solution. Under these conditions the cytoplasmic membranes are perme- 
able to K+ ions moving in both directions. Since analysis of the solution 
around the roots doe.s not show any gain in total potassium, it is evident 
that radioactive ions have, in effect, exchanged j^laces with nonradio- 
active K ions in the solution. 

This exchange process between two isotopes of potassium is not ma- 
terially influenced by temperature or by the rate of aerobic respiration. 
Furthermore, very little loss of radioactive K"*" occurs from roots into 
solutions of a calcium salt (Broycr and Overstreet, 1940). 

The process of cation exchange, in which cations arlsorbed on clay mi- 
celles exchange with cations in the soil solution, has already been de- 
scribed. Similar exchange mechanisms operate between the root and the 

t 

soil. Root tips are, under favorable conditions, not only rapidly growing 
organs, but centers of high metabolic activity. Carbon dioxide is con- 
tinually being released in respiration, most of which reacts with water, 
forming carbonic acid, a large part of which escapes into the soil. Around 
each root tip, therefore, there will usually be a localized zone of relatively 
high carbonic acid content, and hydrogen ions from this acid become ad- 
sorbed on the root surfaces. Such hydrogen ions presumably may exchange 
places with other cations in the soil solution, some of the latter having 
previously been released from clay micelles by cation exchange. A pos- 
sible alternative explanation is that organic acids, released by roots, 
function in exchange mechanisms in an analogous manner to that pos- 
tulated for carbonic acid. 

A similar exchange of cations can also take place directly between rooh* 
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and clay nuccllcii, without the oiicration of the soil solution as an inter- 
mediate in the transaction. This process is calle.l contact exchange (Jennv 
and Overstreet, 19391. The cations ad.-orhed on the root and clay surface^ 
are not held rigidly in position, hut oscillate within a range controlled hv 
the attractive forces between them and the adsorbing surface. The orbiO 
of the ions adsorbeil on the surfaces of a root which is in intimate contact 
with a clay micelle may ovcrla). with the orbits of the ions adsorbed on 
he micelle. When this ucciirs the adsorbed ions may exchange places. A 
H ion ad.sorbcd on the inot surface may, for example, move into the 

orbit occuined by a K * ion adsorbed on a clay jiarticle, the K+ ion re- 
placing the H ^ ion on the root Mirlae(*. 

Any cation adsorbed on a root surface, whether acquired bv exchange 
from the soil solution or ilirectly from a soil colloid, may move acro.ss the 
cell wall, probably by further exchanges with other H+ ions. Once in 

contact with the protoidasm further movement of the ion into the cell 
may occur by the accumulation mechanism. k 

^ arious experimental results iiulicate it to be very hLlv thattl^first 
step in the absorption of cations by the peripheral cells'of roots is an 
ionic exchange process. This is i.ossibly also true of anions. It is probable 
that both the ionic exchange mechanism and the accumulation mechan- 
sm are involved in most absoriition of mineral salts by the cells of roots 

Abso,p„o„ .f SoLs b, Ae,iol Or5„„._e„,lon 

P ion o mineral salts through the aerial organs of a jilant rarelv 
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rhizas are therefore usually short and stubby as compared with uninfected 
roots on the same plant. Many authorities believe that mycorrhizas are 
present on the roots of the majority of vascular species. 

Eetotrophic mycorrhizas are found on many forest tree species such as 
beeches, oaks, hickories, and many conifers. They are particularly abun- 
dant on trees growing in soils lich in humus. The fungal associates in 
forest tree mycorrhizas are mostly members of the group of Basidio- 
niycetes, many of them apparently being common woodland species of 
mushrooms. 

Endotropliic mycorrhizas are found on many species of orchid, heath, 
and gentian families, and also on some trees, such as the red maple and 
walnut. The fungous associates in such mycorrhizas arc apparently mostly 
microscopic molds. 

Diverse opinions have been advanced regarding the significance of these 
root-fungus associations. Apparently, the relationships between fungus 
and host may range all tlie way from true j)arasitism to genuine symbiosis. 
There can be no doul)t that many conifers often grow better when mycor- 
rhizas are present and some species even aj^pear to be dependent upon 
mycorrhizas. Although many suggestions liave been advanced to explain 
the beneficial effects of mycorrhizas on the vascular plant associate (in- 
crease in water, mineral salt, carbohydrate, and nitrogen supply, synthesis 
of growth regulators anri enzymes; “stimulation” of metabolic processes 
of roots, especially respiration, etc.), there is very little experimental sup- 
port for most of these views. 

Substantial evidence is accumulating, however, that mycorrliizas may 
play a significant role in the absorption of mineral salts. The rate of res 
piration of mycorrhizas of short-leaf pine (P^nns erhinafa) has been 
shown to be consideraV)ly greater than that of uninfected roots suggesting 
that the former may have greater capacity for the absorption of mineia 
salts (Routien and Dawson, 1943). Similarly the influence of mycorrhiza. 
upon seedlings of white pine (Ptnus sfrolms) and Douglas fir {Pseudotsuon 
donglasi) has been interjireted as resulting from effects upon respiratio 
and phosphorus metabf)]ism (AlcComb and Griffith, 1946). Expenmen ^ 
with radioactive phosphorus have shown that tlie mycorrhizal po ion. 
of the roots of two species of pine accumulate much larger H^iantiUes o^ 
phosphate than nonmycorrhizal poiiions (Kramer and Wilbur, 1949). 
has further been shown by Melin and Nilsson (1950) that mycorrhizai 
fungi can absorb phosphate ions and transfer them to the roots of 

silvestris. 
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DISCUSSION QUESTIONS 

1. Suggest as many explanations as you can for the fact that different 

of plants, growing in the same soil and under the same climatic conditions, a so 

various ions in difTerent proportions. . i • u 

2. Can the mineral element requirements of a plant be judged from a cne 

analysis of the plant? , H ion 

3. When plants are gro\sTi in a solution containing calcium nitrate tne n- 

concentration of the solution usually shows a gradual 

sulfate is used as a source of nitrogen, however, the solution usually mcrea 

H-ion concentration. Explain. . oK^nm- 

4. How would you undertake to obtain the maximum possible ra e 

tion of potassium ions by the root system of a young herbaceous plan 

solution culture? From a soil? „ , , * oKcnmtion 

5. How would you attempt to show experimentally whether or not a^ n 

of water and mineral salts by plants are largely independent Processes^ 

6. A group of healthy barley plants, with their roots in tap ‘ rp},e 

to sunlight for 12 hr. under conditions which insure rapid transpi ^ 
tap water is then replaced with a well-aerated solution culture and ^ P 
placed in the dark. By mean.s of two curves, plot probable 12 

salt absorption during the next 12 hr. in the dark, and dunng a su q 

hr. in bright sunlight. 
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UTILIZATION OF MINERAL SALTS 


A clear distinction should be drawn between the absorption of a salt 
and the subsequent utilization of it or its component ions. The term utili- 
zation is employed in a loose sense to refer to the incorporation of mineral 
elements into the relatively permanent constituents of the cell walls and 
protoi)lasm, or to their participation in fundamental metabolic reactions. 
Absorption of the ions or molecules of salts does not necessarily mean that 
they will be utilized. Many of the ions absorbed by a plant remain for 
more or less indefinite periods in the ionic state in the cells. Sooner or 
later many of these ions are usually incorporated either into the structure 
of more complex but unassimilated molecules synthesized by the plant 
such as storage proteins, calcium oxalate, glycosides, etc., or into the 
protoplasm or cell walls. There may, therefore, be a considerable time lag 
between the absorption of an ion and its utilization, while some of the 
absorbed ions may remain indefinitely as such within the cells Further- 
more, some mineral elements may be utilized in one organ of a Zt 
subsequently released by disintegration of cell constituents, tranlcated 
o o ler organs of the plant, and there re-utilized. Redistribution of 

utilized istl' accumulated in cells but have not actually been 

plants. It is only when present in ionirf^ Physiological processes of 
molecules that they assume important rohJI” constituents of organic 
of brevity, however the term min i ? For the convenience 

to these ^bstance. “gaH,™ 7r' common use to refer 
they exert their effects in plants. combination in which 
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Considered as one group or class of substances found in plants, mineral 
eicinents function in a number of different ways; 

1. Constituents of Protoplasm and Cell Walls. — A number of the min- 
eral elements b(?come permanent constituents of molecules which are in- 
tegial parts of tlie protojilasm and cell walls. As examples we may cite 
the sulfur in proteins, the* pliosphorus in nucleoproteins and lecithins, the 
magnesium in chlorophyll, and the calcium in calcium pectate. A con- 
siderable proportion of the mineral elements in plants, however, acts in 
some way other than as material from which essential parts of plant cells 
are constructed, or else are of no apparent consequence in the metabolism 
of the plant whatsoever. 

2. Influence on the Osmotic Pressure of Plant Cells. — In Chap. VIII it 
was shown that a portion of the osmotic pressure of the cell sap of any 
plant cell results from the dissolved mineral salts which it contains. While 
in most i)lant cells the absolute concentration of mineral salts in the plant 
sap is so low that only a small proportion of the osmotic pressure can he 
ascribed to their presence, there are some important exceptions to this 
statement as discussed previously. 

3. Influence on Acidity and Buffer Action. — The mineral salts absorbed 

from the soil often have an influence on the pH of the cell sap and other 

parts of plant cells, although usually not a very great one, as organic acids 

and other compounds resulting from the metabolic activities of plants 

ordinarily exert the prerloininant influence in determining pH values within 

cells. As shown in Chap. IV, two of the important buffer systems found 

• • 

in plants — the phosphate and the carbonate sj'stems — have their origin 
in substances absorbed by the plant from its environment. The phosphate 
system, however, is the only one found in plants which may be classed 
as a mineral element buffer system. The cation components of plant 
buffer systems, other than H"^, are mostly such mineral elements as 
potassium, calcium, sodium, and magnesium. 

4. Influence on the Permeability of Cytoplasmic Membranes. The 
permeability of the cytoplasmic membranes is influenced by the cations 
and anions in the medium with which they are in contact. Calcium and 
other di- and trivalent cations usually have a decreasing effect on the 
permeability of the cytoplasmic membranes of m'^ny cells, at least ini 
tially, while monovalent cations commonly have an increasing effect. Not 
only is the permeability of the cytoplasmic membranes in the static sense 
influenced by ions, but operation of the physiological mechanism by w ic 
ions accumulate in plant cells is also influenced by the specific ions m 

contact with the cell, as described in the preceding chapter. . 

5. Toxic Effects of Mineral Elements. — Many mineral elements in t eir 
ionic form have a marked toxic effect upon protoplasm, often resulting i 
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its disorganization and death, even when present in very low concentra- 
tions. Among the elements which are known to he higlily toxic to plants, 
at least under certain conditions, are aluminum, arsenic, boron, co|)i)er. 
lead, magnesium, manganese, mercury, molyhedenum, nickel, selenium, 
silver, and zinc. Included in this list are certain of the elements essential 
in plant metabolism which exert toxic effects when present within the 
tissues in concentrations exceeding physiological re(|uirements. Toxic 
effects of some of these elements are discussed more fully later in the 
chapter. 

6. Antagonistic Effects . — The effect of one ion or salt in offsetting or 
even reversing the usual effect of another ion or salt is called antagonism. 
Some degree of antagonism exists between almost any pair of salts. 
Sodium chloride, for example, results in an increase in the permeability of 
the cytoplasmic memiiranes to various solutes under certain conditions. 
If calcium chloride is introduced into the medium, however, this increas- 
ing effect is diminished, or may even be replaced by a decreasing effect. 

Similar antagonistic effects are evident in toxicity ]»henomena. For ex- 
ample in one experiment it was found that the roots of lupines would 
elongate only about 3.5 mm. per day in a solution of about 0.000015 M 
CuC^F, but if sufficient CaCF were added to make its concentration in the 
solution about 0.0078 M the roots elongated at a rate of 10.5 mm. per day. 

The antagonism between the Cu++ and Ca+ + ions was sufficient to re- 
duce greatly the toxicity of the C\i+ ^ ions. 

7, Catalytic Effects . — Certain effects of mineral elements in plants re- 
sult from their participation in one way or another in catalytic systems, 
lion, copper, and zinc are known to be prostlietic grouj)s of certain en- 
zymes and this may also be true of cei*tain other mineral elements. Iron 
is also a constituent of the cytochromes. Other mineral elements such as 

magnesium, manganese, and cobalt act as activators or inhibitors in one 
or more enzymatic systems. 

Essential and Nonessential Elements.— Of the large number of elements 
that have been identified as occurring in plant tissues, only a limited num- 
ber have been found to be indispensable. Beginning about 1860 a number 
of extensive investigations were undertaken to determine specifically 
which elements are essential for green plants and which are not. Some of 
the earliest workers on this problem were the German botanists, Sachs 
and Knop. Their investigations, conducted by the method of solution 
cultures (see later and subsequently confirmed by a number of other 
wm-kers, indicated that in addition to the elements carbon, hydrogen, and 
oxygen, obUined by plants from water or from atmospheric gases the 

ne fum' nor ^’^^^Phorus, sulfur, calcium, mag- 

nesium, potassium, and iron, all of which enter the plant from the soil. 
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From the work of these investigators and others developed the almost 
classical precept that ten elements, and ten only, were essential for the 
existence of green plants. This viewpoint was first seriously challenged 
by Maze (1915), who considered that at least several other elements are 
essential for the continued development of green plants. The older con- 
cept of the “ten essential elements” was so strongly entrenched, however, 
that Maze’s contentions evoked very little immediate interest, but more 
recently extensive studies have been undertaken on the problem of the 
possible roles of other elements in plant metabolism. 

It is now realized that there were certain unrecognized sources of error 
in the experiments upon which the conclusions of earlier investigators were 
based. Almost all of their investigations were pursued by the method of 
solution cultures, in which “pure” chemicals in certain proportions were 
dissolved in distilled water, and these solutions were used as the medium 
in which the plants were rooted. Many of the “pure” chemicals used, how- 
ever, contained at least traces of other compounds which might be suf- 
ficient in amount to supply plants with an adequate quota of certain 
necessary elements, especially if they were required only in minute quan- 
tities. Similarly, the elements stored in the seed were not usually con- 
sidered in such experiments. The amounts of some elements available to 
a plant from this source might suffice for its entire life history if they were 
required in only small quantities. Furthermore, it is now more generally 
realized that small amounts of certain elements often dissolve in solution 
cultures from the walls of the containers and thus become available for 
utilization by plants. Traces of 'silicon and zinc, for example, may dis- 
solve out of the walls of ordinary glass vessels into solutions contained 
within them. Even distilled water, of the grade generally used in such 
experiments, may contain amounts of certain elements, required only m 
traces, sufficient to supply the needs of the plants. For these reasons, there- 
fore, it is clear that in practically all of the earlier experiments designed 
to determine which elements are essential for plants, small quantities o 
various elements other than those deliberately supplied were usually pres- 
ent in the solution cultures. The failure of earlier investigators to rec- 
ognize the possibility of the presence of such contaminating substances 
makes it impossible to accept the results of their investigations as the fina 

word on the mineral salt requirements of plants. 

Recognition of these sources of contamination in solution culture tec 
niques has led, more recently, to refinements in such methods, which e ini 
inate or at least enormously reduce the possibility of introducing unknown 
solutes into solutions used in plant culture work. By repeated crystal iza 
tions or other procedures it is possible to obtain chemicals of a mu 
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liighcr degree of purity than those used by the earlier workers. Tlie water 
used may be distilled from sjiecial stills and redistilled a number of times 
to remove even traces of most solutes. Containers can be used which are 
inert when in contact with the culture solutions employed. By removal 
of the cotyledons at a very early stage in germination, or by other |)ro- 

cedures, the supply of elements obtained by the plant from the seed can 
be largely eliminated. 

Various more or le.ss critical observations have led to claims that manv 
other elements arc essential for normal plant develo])ment in addition 
to the ten which have long been accepted as es.'^ential to plants. Among 
thoe aic aiscnic, aluminum, baiium. boron, bromine, caesium, chromium, 
chlorine, cobalt, copper, iodine, lithium, manganese, molybdenum, nickel, 
selenium, silicon, strontium, tin. titanium, vanadium, and zinc. Most of 
these elements are considered to be necessaiy for itlants only in traces. 

ith few cxce]itions each is toxic to plants when present in anj' appreci- 
able concentration. 

In the face of this rather overwhelming array of possibly e.s.sential ele- 
ments it apjtcars desirable to adopt criteria by which the indisiiensability 
of an element can be judged. While it is undoubtedly true that any one 
of these elements, at least when supplied to certain species of [dants, 
under certain cultural conditions, will result in beneficial effects upon 
growth, this is far from indubitable evidence of its indispensability. Nec- 
o.ssity of an element in plant metabolism is demonstrated only if lack of 
it can be shown to result in injury, aberrant development, or death of 
plants when grown in sand or solution cultures by a technique including 
the refinements of method described above. Complete proof of the neces- 
sity of an element also requires demonstration that no other element of 
similar properties can be substituted for it. Furthennore, before it can be 
considered to be proved that a given element is essential for green nlants 
generally, its indispensability must have been demonstrated for a wide 
variety of species, representing a number of different families of plants 

It IS now quite generally agreed that five other elements-boron man- 
ganese copper, zinc, and molybdenum— must be added to the group rec- 
ognized to be essential in the metabolism of green plants. A totafof fifteen 
elements are therefore now considered to be essential. All of the five ele- 
ments just listed are required in only minute quantities, hence they may 
be termed micrometabolic elements in contrast with those necessary in 

tions may result in ih Possible that future investiga- 

may result m the addition of other elements to the list of those 


1 
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considered indispensable in the metabolism of green plants generally, but 
it seems certain that any such additions will fall into the category of 
micrometabolic elements. 

The question is often asked whether or not the same elements are essen- 
tial for all kinds of plants. On theoretical grounds it might be argued 
that, for a group of metabolically similar organisms such as the vascular 
green plants, it is unlikely that there would be differences from one species 
to another in the kinds of elements required. In spite of the plausibility 
of this view'point, considerable experimental evidence exists, some of 
which is mentioned later in the chapter, that certain vascular plants may 
require elements in addition to tlie fifteen listed above. There is also evi- 
dence that the list of essential elements for at least some species of algae 
and fungi is not exactly the same as that for the higher green plants. 

Specific Roles of the Essential Elements in Plants. — The roles of carbon, 
hydrogen, and oxygen in the synthesis of carbohydrates, fats, and related 
compounds have already been discussed in preceding chapters. There are 
only a few^ physiologically significant compounds in either plants or ani- 
mals which do not contain all three of these elements. The roles of these 
three elements and of nitrogen in the synthesis of proteins and other im- 
portant nitrogen-containing compounds are considered in the following 
chapter. The remaining essential elements are usually lumped together 
under the classification of “mineral elements.” 

The parts played by the minora! elements in plant metabolism are in- 
completely understood and it is probable that each of them is involved 
in metabolic processes occurring in plant cells in ways which are not at 
present recognized. When an element is a constituent of some important 
plant compound — such as the sulfur in proteins or the magnesium m 
chlorophyll — that particular role of the element is relatively easy to iden- 
tify. When, however, an element plays some less conspicuous role, such 
as that of a constituent of an enzyme system or carrier in some metabol- 
ically important reaction, its significance in such a capacity is often more 
difficult to recognize. 

Some of the known specific roles of each of the essential mineral ele- 
ments are discussed below. The effects of certain other elements not defi- 
nitely known to be necessary for plants in general, but which sometimes 
have important effects on plants, will also be discussed. 

Sulfur.— As a rule this element is fairly well distributed throughout the 
tissues and organs of plants. Sulfur is a constituent of the amino aci 
cystine, which is one of the compounds from which plant proteins are 
made (Chap. XXVI), and of thiamine and biotin, which are important 
hormones in plants (Chap. XXVIII). It is also a constituent of the mus- 
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tard oil glycosides (Chap. XX) such as sinigrin, which inii^art cliaractcr- 
istic odors and flavors to s\ich species as inusfards, onions, and garlic. 

Sulfur is usually absorbed by n)ots as the 8 (^ 4 '“ ion. iuit may also 
enter the leaves as when that gas is present in the atmosphere 
(Thomas et al.^ 1944). It should be noted, however, that S( >:* gas becomes 
toxic to plants at ver>^ low concentrations (Chap. XXX). Altho\igh sulfur 
enters the plant in oxidized form, it is reduced, usually to the sulfhydryl 
( — SH) group in the formation of amino acids or other organic sulfur- 
containing molecules. The sulfur of organic molecules in living cells ap- 
parently may be reconverted into inorganic sulfur, usually the sulfate ion, 
in which form it may be redistributed within the plant ami re-utilized in 
the formation of organic sulfur compounds in other tissues. Relatively 

large amounts of sulfur may be moved in this way from the leaves to 
ripening seeds and fruits. 

The symptoms of sulfur deficiency in plants are similar in general to 
those characteristic of insufficient nitrogen. Amino acids and other nitro- 
gen-containing compounds accumulate in the tissues of sulfur deficient 
plants, probably because protein synthesis is not maintained at a rate 
comparable with that in plants receiving adequate sulfur (Eaton, 1942). 

P/msgAor^— Phosphorus is absorbed by plants principally as the 
H 2 PO 4 ion. Tinlike nitrogen and sulfur, liowever, phosphonis is not re- 
duced in plant tissues but is linked into organic combinations in highly 
oxidized form. Phosphorus enters into the composition of phospholipids 
and of nucleic acids (Chap. XX\I). Chemical combinations of the nucleic 
acids with proteins result in the formation of the nucleoproteins which, as 
the name suggests, are important constituents of the nuclei of plant cells. 
The significance of phosphate carriers, phosphorylation, and of the energy- 
of phosphate bonds in metabolic processes has already been discussed 
(Chaps XX, XXII) . Participation in such reactions is one of the primary 
metabolic roles of phosphorus in the cells of both plants and animals. 

. ^ large proportion of the phosphorus in a mature plant is kx*ated 
in the seeds and fruits, accumulating there during the period of their de- 
velopment. In growing plants, phosphorus is most abundant in meriste- 
matic tissues where it is utilized in the synthesis of nucleoproteins and 

ler phosphonis containing compounds, some of which operate in the 
respiration mechanism. ^ 


The roles of phosphorus and nitrogen in plant metabolism appear to be 
mterrelated m a number of ways. Inorganic nitrogen eompLnL are 
lapidly absorbed and accumulate in plant tissues when the avadable phos 

medium, on the other hand, the absorption of inorganic nitrogen com- 
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pounds is depressed (Nightingale, 1942) . The application of phosphate 
cilihzers therefore, may alter the nitrogen balance of the plant. Illustra- 
tions of this effect are the earlier maturation of plants that often occurs 
when available phosphorus is high and the delay in reaching maturity 
occasioned by phosphorus deficiency. Synthesis of proteins (Chap. XXVI) 
ap^parently does not occur at usual rates in phosphorus deficient plants 
(Eckerson, 1931 ; Richards and Tem.pleman, 1936). Correlated with this 
decrease m protein synthesis there is often an accumulation of sugars in 
the vegetative organs of the plant. The purple coloration of leaves asso- 
ciated with phosphorus deficiency in certain varieties of corn, tomatoes, 
and other species reflects the relatively high concentration of sugars in 
the leaf tissues which often favors anthocyanin synthesis (Chap. XX). 
There is also good evidence that phosphates are more rapidly absorbed 
and accumulated in plants when nitrogen is supplied in organic form 
(urea) than when nitrate is being absorbed (Breon et aL, 1944). 

Phosphorus is readily redistributed in plants from one organ to another. 
Such redistributions probably occur largely in the form of phosphates. 
During periods of phosphorus deficiency a large proportion of the phos- 
phorus in older leaves may move into other tissues (MacGillivray, 1927) 
and de\eloi)ing fruits of tomatoes may obtain f)ho«phorus from even the 
youngest leaves when phosphorus is unavailable in the rooting medium 
(Arnon and Hoagland, 1943). Studies with radioactive phosphorus have 
contributed additional evidence of the high mobility of phosphorus and 
of the rapid rate with which it may move out of leaves and into growing 

tissues when the external supply is deficient (Arnon et al, 1940; Biddulph, 
1941). 

Calcium. — A large part of the calcium in most plants is located in the 
leaves, and, in contrast to phosphorus and potassium, more calcium is 
present in the older than in the younger leaves. An analysis of strawberry 
plants, for example, showed more than twice as much calcium in the 
leaves as in the crowns and roots together (Lineberry and Burkhart, 
1943). Much of the calcium in plant tissues may be permanently fixed in 
the cell walls as a calcium salt of the pectic compounds of the middle 
lamella. Leaves of squash were found to have as much as 70 per cent of 
their calcium immobilized in the walls of the cells (Smith, 1944). In many 
plant species calcium is present in the form of insoluble crystals of calcium 
oxalate. Calcium also forms salts with other organic acids and probably 
enters into chemical combination with protein molecules. It is of wide- 
spread occurrence in plants in the form of calcium soaps, and calcium 
ions are generally present as one constituent of the vacuolar sap. Calcium 
is necessary for the continued growth of apical meristems. In the absence 
of calcium mitotic divisions become aberrant or suppressed (Sorokin and 
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Sommer, 1940). Formerly it was considered that the formation of calcium 
salts of organic acids prevented accumulation of toxic (luantities of or- 
ganic acids within the cells. More recent work, however, suggests that the 
organic acids are synthesized as a result of the absorption of calcium and 
other cations (Chap. XXI\ ). Calcium is also known to have a role in the 
nitrogen metabolism of plants. In the absence of calcium, some species, 
at least, are unable to absorb or assimilate nitrates (Nightingale, 1937). 
Organic forms of nitrogen such as urea, however, seem to serve as sources 
of nitrogen when calcium is absent (Skok, 1941). These ohsei^-ations are 

interpreted to mean that calcium is important in the reduction of nitrates 
in plant tissues (Chap. XXVI). vj 

Calcium is relatively immobile and is not readily redistributed in plant 
tissues when it becomes deficient in the rooting medium. Older leaves of 
a plant may have large calcium reserves at the same time that younger 
leaves on the same plant are deficient in calcium. However, crvstals of 
calcmm oxalate in old leaves of peanut plants disappear at times of severe 
calcium deficiency and are reformed in very young leaves indicating that 
some degree of redistribution is taking place (Burkhart and Collins 
1942). Similar observations have been reported for other species, but the 
redistribution of calcmm does not appear to be sufficiently rapid or com- 
plete to meet the metabolic requirements of the younger tissues. 

Mag r iesmm — This element is the one and only mineral constituent ol 
the chlorophyll molecule. A large proportion of the magnesium present in 
p ants IS therefore in the chlorophyll-hearing organs, although seeds are 
a so relatively rich m this element. Magnesium generally occurs in soils 
m sufficient abundance to supply the needs of plants, although occasional 
exceptions ^to this statement are found. D^ency of magnesium usuallv 
res^A^ tl^_ deyelopm ent of a characteri^tiTdnSFbiis and in somT^i^ecTe^ 

■njKqiiiieyiiia:CT ^,u ,| .lt »lor.llon .n the CT iage. Redistribution rf 
nra^estum from older lo-Tounger-bfgaHs -oTpIalilS oeeute readily 

Mapesmm plays a role m the phosphate metabolism of plants and in- 
directly, therelom. m the respiratory mechanism. Magnesium ions apwar 
to be specific activators for a number of ensymes, including certain trLs 
phmphorylases, dehydrogenases, and carboxylases. 

Excess quantities of magnesium may prove toxic in cninf* u 
an effect which may be offset by the presence oT- 

::itTn ir'* 

rcSSf^plante'pota" "' ‘"“"■"■"'‘“I’olic mineral elements 

occum in ^nts JrSZX irsoluhiri '' “f 

P y oluble inorganic salts, although potassium 
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salts of organic acids also are found in plant cells. In spite of these facts 
potassium is an indispensable element and cannot be completely replaced 
even by such chemically similar elements as sodium or lithium. The young 
and actively gi’owing regions of plants, especially buds, young leaves, and 
root tips, are always rich in potassium wiiile as a rule the proportion of 
potassium is relatively low in seeds and mature tissues. The fundamental 
roles of this element in plant metabolism are undoubtedly regulatory or 
catalytic. 

The specific roles of potassium in plants are obscure. However a large 
number of experimental studies involving many species of plants have 
given considerable information about vvliat happens to plants when potas- 
sium is dehcient. Plants deficient in potassium usually contain a higher 
percentage of soluble organic nitrogen compounds (amino acids and 
amides) than j)lants supplied with adequate potassium (Wall, 1940). The 
protein content of the potassium deficient plants, on the other hand, is 
relati\'ely low. These facts suggest that jiotassium is in some way involved 
in the synthesis of proteins from amino acids. Further support for this 
hypothesis is furnished by the very different behavior of potassium defi- 
cient plants when grown with aJiimonium compounds as compared with 
those grown with nitrates as sources of nitrogen. Plants supplied with 
ammonium nitrogen soon devcIo() signs of serious injury, apparently 
resulting from the rapid accumulation of ammonia in the tissues. The re- 
duced nitrogen compounds are not synthesized into proteins and so ac- 
cumulate in toxic quantities in the leaves and stems (Wall and Tiedjens, 


1940). 

The carbohydrate metabolism is also disturbed by inadequate supplies 
of potassium. There is evidence that photosynthesis is checked and that 
respiration is increased by severe potassium deficiency. The effects of low 


potassium are usually first apparent in the disturbed nitrogen metabolism 
which, because of the failure of protein synthesis, may lead to an initial 


increase of carbohydrates in the tissue. As potassium deficiency continues, 
carbohydrates rapidly decrease in quantity probably as a result of de- 


creased photosynthesis and increased respiration. 

Potassium is highly mobile in plants. Internal redistributions of this 
element occur rea^RIy and more or less continuously during the life history 
of the plant. Older leaves and other organs frequently lose potassium 
which is translocated to growing regions. Those tissues of the plant that 
are undergoing the most active growth ai>pcar to have the greatest ca- 
pacity for accumulating potassium in contrast with cells that are physio- 
logically less active (Amon and Hoagland, 1943). 

The potassium ion is usually the most abundant monovalent cation in 
plant cells. Although it cannot be replaced entirely by any other element, 



SPECIFIC ROLES OF ESSENTIAL ELEMENTS IN PLANTS 


483 


symptoms of potassium deficiency may appear much sooner and are more 
severe in barley in the absence of sodium ions than when these arc present 
in the culture solution (Mullison and Mullison, 1942). It is jmobable, 
therefore, that during the early stages of growth, potassium may be par- 
tially replaced by sodium, at least in some species of plants. 

ron.— A deficiency of availalde iron in soils is seldom a limiting factor 
in plant development, although occasional exceptions to this statement are 

in soils is usually a consequence of its 
insolubility rather than its actual absence. In general, a larger proportion 
of the iron is in a soluble state in relatively acid soils than in approxi- 
mately neutral or alkaline soils. One of the most common causes of iron 
deficiency is an excess of lime in the soil. Even in alkaline soils, however, 
some iron may be absorbed by plants as a result of the intimate contact 
between the root surface and the soil particles (Chapman, 1939) . o 
Iron is indispensable for the synthesis of chlorophyll in green plants, 
Deficiency of this element results in the development of a characteristic 
chlorosis. Iron does not, however, enter into the constitution of the chloro- 
phyll molecule. The state of the iron in plant tissues is also often a factor 
determining its influence in chlorophyll synthesis. Chlorosis, as a result of 
iron deficiency, is sometimes found in leaves which contain as much iron 
as green leaves, the iron being present in an unavailable form in the 
chlorotic tissue. Iron is physiologically active in the ferrous state and, 
although often absorbed as the ferric ion, much of it is rapidly reduced 
within the cells. The rate at which iron is reduced in the living cells seems 

to be influenced by the quantity of manganese in the cells as discussed 
later. 

Some of the enzymes and carriers which operate in the respiratory 
mechanism of living cells are iron compounds. Specific examples are cata- 
lase, peroxidase, cytochrome oxidase (probably) , and the cytochromes 
The participation of iron in the form of such compounds in the oxidative 

mechanism of cells is undoubtedly one of its more important roles in cellu- 
lar metabolism. 

The proportionate amount of iron in plant tissues is very low; much of 
at present is a constituent of organic compounds. Iron is one of the most 
immobile of all elements in plants, little redistribution occurring from one 
issue to another. If plants which have been supplied with iron are trans 
ferred to a solution culture lacking this element, the subsequently 1 

Ids of i,on occurs I,o„ older to younger 

Mar^ganese. -O nly small quantities of this element are required by 
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plants, manganese compounds being distinctly toxic to plants except in 
very low concentrations. Manganese, as a rule, seems to be most abundant 
in the physiologically active parts of plants, especially leaves. It is a rela- 
tively immobile element, little redistribution occurring from one part of 
a plant to another. 

The roles of manganese in plants are undoubtedly those of a primary 
or accessory catalyst. This element probably plays a direct part in oxida- 
tion-reduction phenomena, especially in relation to iron compounds. Iron 
is commonly absorbed as the ferric ion and reduced in cells to the ferrous 
condition unless some oxidizing agent is present which prevents this re- 
action. Accorfling to Somers and Shive (1942), manganese plays the role 
of such an oxidizing agent, and an excess of manganese may, therefore, 
induce symptoms of iron deficiency by converting the available iron into 
the physiologically inactive ferric condition. 

Manganese is an activator of some enzyme systems including certain 
dehydrogenases and carboxylases. Some of the same enzymes activated by 
magnesium are also activated by manganese and, less commonly, by cer- 
tain other metallic cations. 

Manganese is also related in some way to chlorophyll synthesis as 
chloroplasts are soon affected by deficiency of this element. Chlorosis re- 
sulting from manganese deficiency is distinctive in appearance as com- 
pared with that resulting from inadequate iron or magnesium. 

Certain “deficiency diseases” of plants have been traced to an inade- 
quate amount of manganese within the tissues. Some of the better known 
of these are Grey Speck of oats, Speckled Yellows of sugar beet, and 
Frenching of tung. Manganese deficiency in soils is most likely to occur 
when the soil reaction is relatively alkaline. Manganese toxicity as a re- 
sult of soil conditions is not common, but occurs occasionally, especially 
on acid soils. 

Boron,— Although, in general, this element is necessary in only small 
quantities, the boron requirements of different plants vary over a con- 
siderable range. Investigations by solution or sand culture techniques (see 
later) show that only a trace (less than 1 p.p.m.) of boron is required for 
the best development of some species such as tomato and carrot, while 
others such as sugar beet and asparagus do not show maximum develop- 
ment unless boron is available in a concentration of 10-15 p.p.m. The 
range between the amount of boron necessary for the best development o 
a plant and that causing injury is often very narrow and may even- over 
lap so that, when plants are provided with sufficient boron for maximum 
growth, they may at the same time exhibit some signs of boron toxicity 

(Eaton, 1944). 
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The exact role of boron in plants is unknown. In boron rleficient plants 
a variety of physiological reactions and morphogenic changes are induced 
which differ with the species and the environmental conditions. The ac- 
cumulation of carbohydrates, ammonium compounds, and other soluble 
nitrogenous compounds in boron deficient plants suggests a breakdown of 
protein synthesis (Briggs, 1943; Scripture and iMcIIarguc, 19451. The 
death or serious injury to cells of the apical meristems of the stem and 
root which is a usual symptom of boron deficiency may have a similar 
explanation. There is also considerable evidence of interrelationships 
between boron and the calcium and potassium metabolism of the plant. 

In most plants boron is not a readily mobile element. It reaches its 
peatest concentration in the leaves and seems to be fixed in the leaf cells 
in some manner which precludes its translocation to other tissues The 
boron concentration of meristems, roots, fruits, and storage tissues i.s much 
lower than that of leaves. Boron may be present in the lower leaves of a 
plant in such quantities as to cause them injurj’ at the same time that 

cells of the apical meristems exhibit symptoms of boron deficiency (Eaton 
1944). ^ 

A number of “physiological diseases” of plants hS^een lo'^bT 

caused by a deficiency of boron within the tissues. Among these are Heart 

Rot of sugar beet. Leaf Roll of potato. Brown Heart of turnip and 

Browning of cauliflower. Injury as a result of boron toxicitv is also a 

fairly common occurrence in field grown plants. Use of irrigation water 

containing compounds of boron in solution is a frequent cause of boron 
toxicity in plants. 

^^-This element is highly toxic to plants except in verj^ dilute con- 

centrahons, but traces must be present if normal plant metabolism is to 

be mamtamed Deficiency of zinc results in structural aberrancies in the 

root t.ps (Eltmee aod Reed. 1940), dwarfing ot vegetative growth and 
failure of seed formation (Reed, 1942). ^ ° 

(Table »' “"y™ carbonic anhydrase 

:n,ig^tSt R ‘ r:„rwTLzroct=et 

^bee« indoleaeetic acid, an important growth ho~„Xs (Cha;: 

A number of disease conditions, esneciallv nf * u » 

recognized to result from zino f species, have been 

pecan, Uttle Leaf of deficiency. Among these are Rosette of 

tung, and White Bud of mai^r The^ab'^^'^^'^T^ of 

01 maize. The abnormal growth behavior of fruit 
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trees and other species when deficient in zinc may result at least in part 

from the necessity of zinc for the synthesis of indoleacetic acid or other 
auxins (Skoog, 1940). 


( OPJ 2 C 1 . Like zinc this clement is highly toxic to plants except in very 
dilute concentrations. Nevertheless there seems little doubt that traces of 


coppcu aie essential in plant metabolism. Because of the fact that copper 
is a constituent of certain oxidizing-reducing enz ymes^ ^ such as t yrosin ase 
and ascorbic acid oxidase (Chap. XXTI), it is certain that at least one of 
its loles in plant metaliolism is participation in oxidation-reduction re- 
actions. Apart from this catalytic role no definite relation has been recog- 
nizcfl between copper and any other specific physiological process. 

The Die-back disease of citrus and some other trees and the so-called 


Reclamation Disease” have been found to have their origin in a defi- 
ciency of coj^per. 1 he latter disease has been found in plants growing on 
reclaimed heath and moorland soils in some parts of northern Europe. 


Live stock grazing on such lands are also subject to a copper deficiency 
disease. 


— This is the latest element to be added to the list of 
those now generally considered indispensable for higher green plants. The 
first green plant for which this element was shown to be essential was the 
tomato (Arnon and Stout, 1939), although its necessity for certain bac- 
teria and fungi had i)een shown previously. Necessity of this element for 
a number of other higher plant species has been clearly demonstrated 
(Hewitt, 1951). Of all the elements definitely considered to be essential, 
molybdenum is required in the smallest amounts. One part in 100,000,000 
of a culture solution is sufficient to prevent the appearance of molyb- 
denum deficiency symptoms in tomato plants. This element is usually sup- 
plied to plants as the molybdate ion. One of the r'^les of molybdenum in 
plants appears to be that of playing a part in the reduction of nitrates 
(Chap. XXVI). 

Molybdenum-deficient soils have been found in regions as far apart as 
Australia, California, New Jersey, and central Europe. Applications of 
M 0 O 3 at the rate of an ounce an acre or even less have resulted in marked 
increases in the yield of certain crops on such soils. In any appreciable 
concentration molybdenum is highly toxic to plants. Excess molybdenum 
is also harmful to animals. The teart disease of livestock, which occurs 
in certain parts of England, has been found to result from excess of this 
clement in the diet. Soils of areas in which this disease occurs are rela- 
tively rich in molybdenum, and unusually large amounts of molybdenum 
compounds accumulate in many of the forage plants from which it is 
obtained by the animals which browse on them. 

Sodium . — Although there is no convincing evidence that sodium is actu- 
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ally essential in plant metabolism, it is almost invariably present in the 
ash, sometimes in relatively large amounts (Collander, 1941). Further- 
more, addition of sodium compounds to the soil has been found to result 
in more vigorous development of many kinds of plants. This is true of 
some species only when potassium is deficient but is true for some other 
species when potassium is present in a sufficiency. Examples of some 
plants in the first category- are barley, carrot, cotton, flax, and tomato; 
of plants in the second category, celery, table and sugar beet, turnip and 
Swiss chard (Harmer and Benne, 1945). 

Silicon^ This element comprises a very large proportion of the ash of 
some species, particularly of the aerial portions of members of the grass 
and Equisetum families. It is also relatively abundant in the bark of trees. 


Earlier investigators believed, principally because of the large amounts 
present in the ash of many species, that silicon is essential for plants. 
Many years ago, however, it was shown that even those species in which 
silicon was most abundant could be grown to maturity in culture solutions 
to which no silicon was added. It is doubtful, however, if plants have ever 
grown in the complete absence of this element since, even in cultures to 
which It IS not supplied, traces are probably present in the form of im- 
purities from various sources. The results of Lipman (1938) with sun- 
flower and barley, and Raleigh (1939) with beet, suggest very strongly 
that small amounts of this element are essential, at lea.st for some species. 

Formerly it was believed that silicon was important in contributing to 

the stiffness of the straw in cereal crops, but the experimental evidence 

does not support this view. Some investigators have also considered that 

the sihcified cell walls of some species, such as the cereals, render them 
more resistant to fungous and insect parasites. 

Silicon appears, however, to exert an important influerS1^n"th^ phos- 
phate metabolism of plants. Application of sodium silicate results in an 
increase in the yields of plants growing in plots inadequately supplied 
witb phosphates Some workers believe this effect of silicon to be upon the 
metabolism of the plant itself. They believe that the presence of tL ele- 
ment m some way increases the efficiency of the plant in the utilization of 
P losphorus. Others believe that silicon increases the availability of the 

element was earlier considered to be essential for 
Pi^rathough in more recent times this view has not receivedru h Jo 

ThfJ’' -I'o'ly in the term of soluble inorgaS chTo^ 

chlorides to pl.XhaveT™ ™rl''’varbl'’“? 

beneficial effect has been „o.l.ed;7„ others appfcX^reh^ “de, hi' 
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resulted in a retardation of plant growth; and in still others no apparent 
influence could be detected. The apparent results of supplying chlorides 
to plants may be caused largely, if not entirely, by effects on ionic rela- 
tionships in the soil or solution culture rather than by direct effects of this 
element on the metabolism of the plant. As a result of critical experi- 
ments with buckwheat and peas, however, Lipman (1938) concluded that, 

if chlorine is not actually essential, it greatly influences plant develop- 
ment. 

Plants indigenous to salt marshes and saline soils can endure the pres- 
ence of relatively large quantities of chlorides, usually sodium chloride, 
in the soil. Asparagus is an example of a crop plant which not only tol- 
erates but actually requires treatment with sodium chloride for its best 
development. 

AluTuinum . — This element is one of the most abundant of those present 
in the soil, although it occurs chiefly in insoluble forms. A larger propor- 
tion of soluble aluminum is generally present in relatively acid soils (be- 
low pH 5.0) than in soils of higher pH. 

Aluminum is probably universally present in plants, although in terms 
of percentage composition the amount in the ash of most species is very 
small. Aluminum is not usually considered to be one of the essential ele- 
ments, but the results of Sommer (1926), Lipman (1938), and Taubock 
(1942) suggest strongly that traces may be necessary, at least for some 
species. 

Except in very dilute concentrations, aluminum is distinctly toxic to 
plants. Its toxicity to such species as com and barley may become evi- 
dent in concentrations as low as 1 part per million in culture solutions. 
The detrimental effect of soils with a pH of 5 or less upon the growth of 
some species undoubtedly results, at least in part, from the toxic effect 
of the relatively high concentration of aluminum ions in such soils. In 
acid soils aluminum may precipitate phosphorus and so decrease its avail- 
ability to plants. The beneficial effect upon the grow'th of some species of 
adding lime or phosphates to acid soils results at least partly from a re- 
duction in the solubility of the aluminum compounds present as w'ell as 
from an increase in the availability of phosphorus. 

The color of the flowers of Hydrangea macrophylla is related to alumi- 
num content of the floral tissues (Allen, 1943). Blue flowers always con- 
tain more aluminum than pink flowers. Addition of soluble aluminum 
compounds to the soil in which hydrangea plants are grow'ing induces a 
shift in flower color from pink to blue. 

Selenium. —Y or many years a serious and often fatal disease of live- 
stock, usually called “alkali disease,” has been known to occur in certain 
regions of the great plains of western North America. The cause of this 
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disease was long unknown but was finally recognized to be a result of 
selenium poisoning. The distribution of this disease was found to corres- 
pond closely with that of seleniferous soils. Such soils are of common 
occurrence in a belt extending from Alberta and Saskatchewan to Arizona 
and New Alexico and doubtless also occur in many other parts of the 
world (Trelease and Death, 1949). Some of the plants native to such sele- 
niferous soils, notably certain species of Astragalus, a kind of vetch, ac- 
cumulate selenium in relatively large quantities. Selenium poisoning is a 
common outcome of the browsing upon such plants by cattle, sheep, or 
horses. On the other hand, ver\' little selenium accumulates in many kinds 
of plants, including most crop plants, even when growing on highly sele- 
niferous soils. Plants in this latter category exhibit symptoms of selenium 
toxicity at relatively low concentrations in solution cultures. Selenium- 
accumulating species, on the contrar>q may acquire a selenium content as 
high as a hundred times that of nonaccumulating species without injury, 
and there are indications that selenium may even be a necessary element 
for such species (Trelease and Trelease, 1939). 

Iodine, Fluorine, and Cobalt.— Those elements are included in the dis- 
cussion, not because they are known to be essential to plants, but because 
of the critical roles they play in the metabolism of higher animals. 

Iodine is a constituent of the essential animal hormone, thyroxin, and 

deficiency of iodine leads to the development of goiter in man and higher 

animals. AVhen iodides are present in the soil they are absorbed by plants; 

hence in some regions vegetable foods may be an important dietary source 
of iodine for animals. 

Lewis and Powers (1941), in a critical study, were unable to find any 
evidence of the essentiality of iodine in several kinds of plants. Marked 
toxicity effects were exhibited by tomato plants growing in sand culture 
to which 16 p.p.m. of iodine were added as potassium iodide, but not by 
plants at a concentration of 4 p.p.m. (Hageman et al., 1942). 

Fluorine has attracted much attention in recent years because of its 
apparent role in preventing dental caries in humans. Fluoride ions are 
readily absorbed by plants, especially from the more acid types of soils 
but in any appreciable concentration they are highly toxic. Concentration^ 
as low as 10 p.p.m. of fluorine (in the form of NaF) in solution cultures 
were found to be toxic to several species of plants (Leone et aL, 1948). 
I luorme gas is an effulgent waste in certain industrial processes, and fluo- 
rine from this source has been suspected of having detrimental effects on 
plants in some localities. 

Although not definitely known to be an essential element, cobalt may 
exer marked effects on plant metabolism and development. Cobalt ions 
are nown to activate some plant enzymes, such as certain carboxylases 
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and peptidases. Cobalt also has an enhancing effect upon the enlargement 
phase of growth in etiolated leaves and certain other plant tissues (Miller, 
1951). Cobalt deficiency leads to the development of a diseased condition 
m cattle and sheep which has been called by a number of names (Pining, 
Bush Smkness, Morton Mains Disease) and which has been recognized in 
such widely separated parts of the world as Scotland, New Zealand, and 
Australia. This disease can be combated by soil treatments with a cobalt 
salt, resulting in an increased content of cobalt in the forage plants on 
which the animals browse. The fact that cobalt has been found to be a 

constituent of vitamin B ,2 (Chap. XXVIII) is probably significant in 
relation to such deficiency diseases. 

Symptoms of Mineral Element Deficiency. — Absence or deficiency of any 
of the necessary mineral elements in the soil or other substratum in which 
a plant is rooted will sooner or later become apparent in the development 
of the plant by the api)carance of growdh aberrations of one kind or an- 
other. Symptoms of mineral element deficiency may also occur when the 
element is present in the tissues of the plant if for some reason or another 
it cannot be used in plant metabolism. Plants may exhibit symptoms of 



Fig. 119. Symptoms of mineral element deficiencies as shown by tobacco plants. 
The deficient elements are: (1) nitrogen, (2) phosphorus, (3) potassium, (4) 
calcium, (5) magnesium, (7) boron, (8) sulfur, (9) manganese, and (10) iron* 
All of the elements were supplied to (6). Photograph, U. 9. Department of 

Agriculture. 
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nitrogen deficiency, for example, even when the tissues contain an abun- 
dant supply of nitrates if the reduction of nitrates is prevented for some 
reason or another. 

In a general way the symptoms of the deficiency of a given mineral 
element are similar in all species of plants. Certain deficiency symptoms 
assume, however, more or less distinctive aspects in some species. For 
example, manganese deficiency results in the development of a charac- 
teristic mottled chlorosis in the leaves of many species. In maize and other 
cereals, however, chlorosis resulting from manganese deficiency assumes 
the pattern of an alternate yellow and green strii)ing running lengtliwise 
of the leaves. Symptoms of the deficiency of a given element also fre- 
quently differ somewhat in woody plants from herbaceous plants. It is 
therefore important that the symptoms of mineral element deficiency bo 
studied for each economic species of plants individually. Once such symp- 
toms have been distinguished for a species they are of assistance in 
diagnosing abnormal development of plants of that species under natural 
or cultural conditions. 

Keys to the symptoms of various elemental deficiencies have been de- 
vised for a number of species of plants. The following key for tobacco is 
taken, with slight modifications, from Mc^Iurtrey (1938). The effects of 
such deficiencies upon tobacco plants are depicted in Fig. 119. Keys for 
other kinds of plants, as well as colored illustrations of mineral deficiency 
symptoms for a number of species are given by Hamhidge (1949). 


KEY TO MINERAL ELEMENT DEFICIENCY SYMPTOMS IN TOBACCO 

Effects localized on older leaves or more or less general on the whole 
plant. 

B. Local, occurring as mottling or chlorosis with or without necrotic 
spotting of lower leaves, little or no drj'ing of lower leaves. 

C. Lower leaves curved or cupped under with yellowish mottling 
at tips and margins. Necrotic spots at tips and margins. 

f . Potassium. 

C. Lower leaves chlorotic between the principal veins at tips and 

margins of a light-green to white color. Typically no necrotic 

spots. , r 

n n 11 . Magnesium. 

B. C^eneral ; also yellowing and drying or “firing” of lower leaves. 

L. Plant light green, lower leaves yellow, drying to light-brown 
color. 

o T>i A -j . Nitrogen. 

L. Plants dark green, leaves narrow in proportion to length ; plants 

immature. Ph h 

terminal growth, consisting of uppiT aTdT^d 



492 


UTILIZATION OF MINERAL SALTS 




Dioback involving the terminal bud, which is preceded by peculiar 

distortions and necrosis at the tips or base of young leaves making 

up the terminal growth. 

C. Young loaves making up the terminal bud first light green fol- 
lowed by a typical hooking downward at tips, followed by 
necrosis, so that if later growth takes place tips and margins of 
the upper leaves are missing. Calcium. 

C. Young leaves constricted and light green at base, followed by 
more or less decomposition at leaf base; if later growth takes 
place leaves show a twisted or distorted development; broken 
leaves show blackening of vascular tissue. Boron. 


C. 


Terminal bud remains alive, chlorosis of upper or bud leaves, with 
or without necrotic spots, veins light or dark green. 

C. ^ oung leaves with necrotic spots scattered over chlorotic leaf, 
smallest veins tend to remain green, producing a checkered 

Manganese. 

doling leaves without necrotic spots, chlorosis does or does not 
involve veins so as to make them dark or light green in color. 
D. oung leaves with veins of a light-green color or of the 
same shade as interveinal tissue. Color light green, never 
white or yellow. Lower leaves do not dry up. Sulfur. 

"^oung leaves chlorotic, principal veins characteristically 
darker green than tissue between the veins. When veins lose 
their color, all the leaf tissue is white or yellow. Iron. 


D. 


Solution and Sand Cultures. — Much of our knowledge regarding the roles 
of mineral elements in plants has been obtained by means of solution 
culture experiments. The growing of plants in solution and sand cultures 
is today one of the most widely used experimental techniques employed 
by plant physiologists. The necessary solutions, often rather inappropri- 
ately called ^^n utrient solutions ,’^ are prepared by dissolving salts in cer- 
tain definite proportions in distilled water. A multitude of combinations 
and concentrations of salts have been suggested for use in solution culture 
work. In general, however, it has been found that most species of plants, 
under a given set of climatic conditions, grow almost equally well over a 
considerable range of variations in the mineral salt complex of a solution 
culture, a sand culture, or a soil.v--^ 

Shive (1915) pointed out that the six principal elements obtained by 
plants from the soil — nitrogen, sulfur, phosphorus, calcium, potassium 
and magnesium — could be supplied by a solution containing only three 
salts. He proposed a “three-salt*^ solution containing Ca(N 03 ) 2 , KH 2 PO 4 , 
and MgS 04 to which was added a trace of iron salt. Such three-salt solu- 
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tions were widely used for some years but for various reasons have been 
almost entirely replaced by solutions in which four or more salts are used 
to provide the six macrometabolic elements obtained by plants from the 
soil. Two solutions which have been widely used are those described by 
Hoagland and Amon (1938) and by Shive and Robbins (1938). The 
former of these has the following composition; 0.001 M KHaPO^, 0.005 
M KNO3, 0.005 M CalNOala, and 0.002 M ]MgS 04 ; the latter has the 
following composition: 0.0023 M KH2PO4, 0.0045 .1/ CalNOs).,, 0.0023 

Af MgS 04 , and 0.0007 il/ (NH 4 ) 2 S 04 . ' 

In order to make either of the above solutions, or any of a number of^ 

similar ones which have been devised, “complete,” it is also necessary 

to introduce into it the necessarj' micrometabolic elements. A solution of 

ferric tartrate is often used as the source of iron. One milliliter of a 0.5 

per cent solution of this salt per liter of the culture solution is usually 

sufficient, although supplementary additions of iron salt are necessarj^ 

under some conditions as indicated in the later discussion. The other 

micrometabolic elements are usually supplied to the culture solution in 

the form of a supplementary solution of which a number have been 

described. One such solution is prepared as follows: 2.5 g. H3BO3, 1.5 g. 

IMnCla -41120, 0.10 g. ZnCl 2 , 0.05 g. CuCl 2 - 21120 , and 0.05 g. M 0 O 3 . One 

milliliter of this solution is usually added to each liter of the culture 
solution. 

A number of schemes have been devised whereby a series of closely 
comparable solutions can be prepared, each of which is lacking in one 
macrometabolic element. One such relatively simple scheme is described 
)y Meyer (1945). Such series of solutions arc used in studying symptoms 
of the deficiency of the various elements. Alore elaborate systems of solu- 
tions m which the proportions of the cations and anions present can be 
varied systematically have been described by Hamner et al. (1942) and 
others In solution culture experiments the solution is transferred to 
suitable vessels, the size and shape of which depend upon the purpose 
of the investigation, and the kind and size of the experimental plants 
Jars, crocks, trays, and tanks of various kinds have been used as the 
containers in solution culture investigations. It is usually desirable and 
in some k,nd.s of experiments essential, that the containers be made of 

' affi%'eed r’ ""/"f well-glazed porce- 

L wav tta t. ^ containers in such 

a w ay that their root systems are immersed in the solution. 

Many precautions must be observed if reliable results are to be ob- 

oTwhlch cin b ‘^'^Jtures, only a few of the most important 

Id in anf " brief discussion: (1) All of the solutions 

used in any series must have essentially the same osmotic pressure, except 
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in experiments in which the effects of different osmotic pressures of the 
solutions themselves are being investigated. In general, however, with 
the one exception just noted, solutions with an osmotic pressure of more 
than 2 atm. are not employed in solution culture experiments. (2) The 
possible effects of differences in pH from one solution to another in any 
given series should be evaluated. It is j)robable, however, that the effects 
of as such in solution cultures are not as significant as they were at 
one time supjioscd to be. Arnon and Johnson (1942) have shown that 
several species of plants devcloj') almost equally well in solution cultures 
at any pH between 4 and 8 if precautions are taken to assure that all of 
the necessary elements remain available at all pPI values. (3) Most 
species of plants grow better in aerated than in unaerated solution cul- 
tures. A solution is an unnatural environment for the roots of most species 
of plants. The oxygen concentration of such aqueous media is relatively 
low, and carbon dioxide may accumulate as a result of root respiration. 
Aeration of solution cultures is therefore often necessary and almost 
always desirable. If aeration is to be efficient the air forced through the 
solution must be broken into very fine bubbles. This is usually accom- 
plished by forcing air under pressure through tubes of porous carbon or 
some similar material which are immersed in the solutions. (4) In many 
types of experiments provision must be made for at least approximate 
maintenance of the ionic concentrations and proportions within the solu- 
tion. The various ions in a solution are not absorbed at the same rate. 
Neither is the rate of absorption of water proportional to the rate of 
absorption of ions. Furthermore, various ions, and perhaps also organic 
compounds, diffuse from the roots into the solution. The modifying effects 
of these processes on the composition and concentration of the solution 
may be minimized in several ways. If tlie initial proportion of volume of 
solution to the size of the root system is relatively large, ionic propor- 
tions and total concentration of the solution will usually be maintained 
longer than if the opposite is true. In some solution culture installations, 
provision is made for a slow constant renewal of the solution. In large- 
scale work, especially, analyses are made at frequent intervals for the 
various ions, and the concentration of any one found to be deficient m 
the solution is restored to its initial value. The most commonly followed 
procedure, however, is to replace the solution at relatively frequent inter- 
vals with fresh solution. (5) Considerable difficulty is often experienced 
in keeping certain elements in soluble form in culture solutions under 
certain conditions. This is particularly true of iron. In general, the more 
alkaline the solution the more likely is the iron to be precipitated. In 
solutions with a pH of 6.0 or higher, special precautions must be taken to 
prevent iron deficiency from becoming a limiting factor in plant growth. 
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A procedure commonly used to prevent 
the development of iron deficiency is to 
add fresh portions of a dilute solution 
of an iron salt to a culture solution from 
time to time. Another procedure is to 
supply the iron as iron humate (Horner 
et al., 1934). In this form iron is not 
readily precipitated from the kinds of 
solutions used in cidturc work with 
plants. Still another procedure is to sup- 
ply iron in an “insoluble” form such as 
magnetite. Iron from such a compound 
slowly passes into solution thus main- 
taining the supply of this element over 
an extended period. The same considera- 
tions which apply to the solubility of 
iron in solution cultures also apply to 
manganese. Phosphates also are highly 
insoluble in alkaline solutions, and spe- 
cial precautions must be taken if avail- 
ability of phosphates is to be maintained 
in solutions above a pll of about 7. 

For many types of investigations “sand 
cultures” are preferred to solution cul- 
tures. Suitable vessels are filled with a 
pure quartz sand or some similar inert 
granular material in which the plants are 
rooted. The sand must not be too fine, 
else difficulties will be encountered in 
insuring adequate drainage and aeration. 
For this reason a fine-textured gravel is 
often used instead of a sand. The sand 
is kept moistened with the solution by 
one or another of several techniques. 

Drip cultures” have often been used, 
in ^\hich the solution falls from an over- 
head reservoir, usually drop by drop, on 
the surface of the sand, provision being 
made for the drainage of any excess solu- 
tion from the vessels. Another commonly 
used procedure is that of subirrigation. 
The bottom of the sand container is con- 




sand culture of plants by the 
sub-irrigation method. {A ) Two- 
gallon urn-shaped porcelain ves- 
sel filled with sand. (/?) Overflow 
tube. (C) Fiber glass or glass 
wool pad. (D) Connection to 
compre.ssed air line or air pumj). 
(E) Reservoir bottle (one gal- 
lon) containing solution. 
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nected by means of suitable tubing with a reservoir of solution (Fig. 
120). By placing the solution in the reservoir under pressure, the solution 
IS forced up through the sand in the vessel to its surface. The pressure on 
the solution in the reservoir is then turned off, and the excess solution 
drains from the sand back into the reservoir. From one to several irriga- 
tions per day are necessary, depending upon the plant, volume and 
particle size of the sand, and the prevailing environmental conditions. 
Automatic subirrigation installations have been devised and used by a 
number of investigators. 

An important advantage of sand over solution cultures is that, in the 
former, tlie roots grow in a much more nearly natural environment, par- 
ticularly as regards aeration. A sand medium, however, is a much simpler 
environment for roots than most naturally occurring soils. For some pur- 
poses solution cultures have definite advantages over sand cultures. This 
IS especially true in experimental work with micrometabolic elements, 
because it is simpler to eliminate sources of contamination with unwanted 

elements when the additional complexity of a sand medium is not present 
in the system. 

Employment of the techniques of sand and solution cultures has led to 
many advancements in knowledge of the mineral salt relations of plants 
IVIost of the available information regarding the essentiality of various 
elements for plants has resulted from investigations in which such tech- 
niques have been used. The symf)toms of the deficiency of the various 
essential elements in many species of plants have also been ascertained 
by such techniques. Sand and solution cultures have also been used in 
the investigation of such other problems as the relative proportions of 
different ions most favorable to the development of diffei’ent plants, the 
toxicity of various ions to plants, the mechanism of the absorption of ions, 
and the tolerance of different plants to different total concentrations of 
salts in the substratum. 

The fact that it has been found possible to grow many species of plants 
to maturity in sand or solution cultures has led to the advocacy of this 
method for the production of crops on a commercial scale. The terms 
hydroponics and soilless growth of plants, among others, have been ap- 
plied to such procedures. Much publicity was given to this possibility for 
a while, and many extravagant claims were made for these methods which 
by-pass the time-hallowed procedure of using soil as the substratum of 
plant growth. There is a moderate measure of truth in the claims of the 
proponents of such methods, but it is unlikely that soilless methods of 
culturing plants will make any appreciable inroads on conventional agri- 
culture in the foreseeable future. Actually such procedures are entirely 
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feasible, and the techniques of large-scale soilless culture of plants have 
been worked out in considerable detail (Ellis and Swancy, 1947). Tlicre 
is little evidence, however, that the yield of a crop plant rooted in sand or 
solution cultures will exceed that for the same plant when rooted in a good 
agricultural soil. Critical comparison of soil-grown and solution-grown 
plants under similar conditions of light, temperature, and spacing show 
no significant difference in yield between the two methods of culture 
(Hoagland and Amon, 1938). The methods of sand and solution culture 
have been adapted, with apparent success, to the culture of certain green- 
house crops. Such techniques have also been employed for the raising of 
certain crops in isolated, barren regions such as remote oceanic islands. 
A number of large-scale solution culture installations were operated in 
such places during World War II for military purposes. The extent to 

which such methods will be employed commercially in the future is largely 
a matter of economics. 
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DISCUSSION QUESTIONS 


1. The addition of inorganic nitrogen to a soil in which both legumes and 
grasses are growing together often results in the disappearance of the legumes. 
What is a probable explanation of this result? 

2. The growing of sorghums has frequently been found to be injurious to 

crops planted later on the same soil. What are possible explanations of this 
effect? 


3. Why are some crops such as tobacco “hard on the soil”? 

4. What is a “fertilizer”;^ What elements are most commonly supplied to 
plants as fertilizers;' List several reasons for the addition of fertilizers to soils. 

5. Is it scientifically permissible to use the term “plant food” as synonymous 
with fertilizer? Discuss. 


6. How does the list of essential elements for plants compare with that for 
animals? 

7. Why are salts of copper and other heavy metals more toxic to plants in 
lower concentrations in solution cultures than in soils? 

8. Why does nitrogen deficiency become evident in plants more quickly than 
sulfur deficiency? 

9. In which above ground parts of a plant would you expect “salt injury” 
(injury resulting from over-fertilization) to appear first? Why? 

10. Would an overdose of fertilizer be more injurious to plants growing in the 
bright light or to similar plants growing in the shade? Explain. 

11. Can the mineral salt deficiencies of a soil be determined by analyzing the 
leaves of plants growing on that soil? 

12. When planted in certain kinds of soils, leaves of oak trees often show 
chlorosis. How would you proceed to ascertain the cause of such a chlorosis in 
the shortest possiI>le time? 

13. Given a species of plant which had not been experimented with before, how 
would you proceed to devise a suitable solution for the growth of this plant in 
sand cultures? 

14. Which would be more useful in indicating whether or not a given soil was 
deficient in some essential elements, an analysis of the soil or an analysis of the 
leaves of plants growing on that soil? Explain. 
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NITROGEN METABOLISM 


All of the many physiological reactions characteristic of living cells 
appear to center around the physical and chemical properties of protein 
molecules and related compounds. Proteins are nitrogen-containing mole- 
cules relatively huge in size and of enormous complexity of structure. 
Together with water they are the principal constituents of protoplasm. 
The protein molecules of protoplasmic systems possess the inherent capac- 
ity of reproducing themselves exactly from simpler units, thus maintain- 
ing and enlarging the system of which they form so essential a part. 

In addition to their fundamental role in protoplasmic systems, proteins 

also often occur in plant cells in the form of stored foods, especially in 

the seeds of many species. Such “reserve” or storage proteins differ in 

^eir physical and chemical properties from the protoplasmic proteins. 

e latter are more complex than the former and cannot be extracted 

rom tissues by the same methods used in extracting storage proteins The 

structural organization of both kinds of proteins is believed to be essen- 
tially similar, however. 


In addition to the proteins a number of other kinds of nitrogenous or- 
The Proteins.— All proteins contain carbon (50-54 per cent) hydrogen 

protefn 2 IcuS! ^ Percentage of sulfur in 

constituent of exceeds 2 per cent, however. Phosphorus is also a 

constituent of certain important types of plant proteins. 

pr JteL^mrcnf P^teins gives no idea of the structure of 

protein molecules nor of their tremendous size relative to that of most 
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molecules. Even the smallest protein molecules have molecular weights of 
about 17,600, wliereas the more complex proteins have molecular weights 
of many millions. Determinations made by the ultracentrifuge method 
indicate tliat proteins ina}' be classified, on the basis of their molecular 
weights, into certain groups or classes. One group appears to have mo- 
lecular weiglits of about 17,600, a second group, 2 X 17,600 or 35,200, a 
third, 4 X 17,600 or 70,400, a fourth, 6 X 17,600 or 105,600, etc. (Svedberg 
and Pederson, 1940). 

Results obtained when molecular weights of proteins were determined 
by cliemical analysis also suggest a grouping of proteins into certain 
classes. Bergmann and Niemann (1938) concluded that protein molecules 
are made up of 288, or some multiple thereof, simpler units, the amino 
acid residues. Proteins fall into groups according to the number of basic 
units making up the molecule rather than according to their molecular 
weights. This concept of protein structure is not inconsistent, however, 
with the theory of weight classes mentioned above. 

Although the assumi)tion that protein molecules have molecular weights 
which fall naturally into certain groups has met with wide acceptance, it 
has also received serious criticism (Bull, 1941). All of the evidence in- 
dicates, however, that the molecular weights of proteins are very high 
and that they are distributed over a wide range of values. 

The relatively enormous size of protein molecules should not be taken 
as an indication that tliey are aggregations of atoms and atomic groups 
without definite structural organization. The evidence from X-ray studies, 
as well as that from many other lines of work, points to a high degree of 
structural individuality in protein molecules. Each kind of protein mole- 
cule is built upon an architectural pattern in which every atom is essential 
for the completion of its structure. The many remarkable properties of 
proteins owe their existence to the presence of these definite structural 
patterns within their molecules. 

Although some proteins can exist in true solution or in the form of 
crystals, most of them occur in living organisms in the colloidal state. 
The individual molecules of some proteins are so large as to bring them 
within the size range of colloidal micelles. The colloidal micelles of other 
protein sols are probably aggregates of a number of molecules. The sig- 
nificant point, however, is not whether the micelles are composed of one 
molecule or many, but that they are micelles. Protein sols are hydro- 
philic, and many of them form gels under suitable conditions. They also 

possess amphoteric properties (Chap. III). 

Most of our knowledge of the structure of protein molecules has been 

gained by studying their hydrolytic products. Proteins can be hydrolyze 
by treating them with acids, alkalies, or suitable enzymes. The end pro 



ABSORPTION OF NITROGEN COMPOUNDS FROM SOILS 



uct of the complete hydrolysis of any protein is always a mixture of amino 
acids. During the course of protein hydrolysis a number of types of com- 
pounds are formed which are intermediate in complexity between the 
proteins and the amino acids; 


Proteins >• Proteoses — >- Peidones — >- Polypeptides 

— ► l^ipcptides — Amino Acids 


It seems virtually certain, therefore, that amino acids are the structural 
units from which the proteins and intermediate jiroducts of protein hy- 
drolysis are synthesized in living cells. A consideration of the chemical 

nature and synthesis of the amino acids is therefore necessary before dis- 
cussing the proteins further. 

The Amino Acids.— Amino acids are, as the name suggests, compounds 
with the properties of both acids and amines. Every amino acid contains 
at least one carboxyl t— COOH) group and one or more amino (— NH.) 
groups. The simplest amino acid is glycine. Cdycine may be considered as 
acetic acid in which one of the hydrogen atoms of the methyl group has 
been replaced by an amino group: 

CHaCOOH 

Acetic acid 

% 

s> 


5>'^c 


2COOII 


NH. 

CJlj'cine 



In naturally occurring ammo acids the amino group, or one amino group 
If several occur in the molecule, is always attached to the a carbon 
a om, "•Inch IS the one next to the -COOH group. About twenty amino 
acids are definitely known to be constituents of protein molecules and a 
numWr of others are believed to be, by at least so.oc inve iTgl;, stb 
other ammo ae.ds probably remaio to be diseovered. The names and 

imfbZ'Jzid airb.d,:"'''"'’''’ 

nitrogen of the atmosphere in feTymSs oTnto'*'' ‘‘’'“t*'''’ 

rror of 

tour hinds 0, eomponnds as so^: of Sofer aftrfS,‘%T ni:!!” 
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(3) ammonium salts, and (4) organic nitrogen compounds. The mecha- 
nism of the absorption of ionic forms of nitrogen is believed to be essen- 
tially similar to that involved in the intake of other ions (Chap. XXIV). 
Nitrates apparently can be absorbed by many kinds of plant cells against 
a concentration gradient. 

Many plants absorb most of their nitrogen in the form of nitrates. Nor- 
mally metabolizing plants usually contain only relatively small quantities 
of nitrate, because the nitrogen of nitrate ions is reduced to other forms 
almost as rapidly as it enters the plant. Under certain conditions, how- 
ever, plants accumulate relatively large quantities of nitrates in their 


TABLE 38 THE PRINCIPAL AMINO ACIDS 


Glycine CH,(NH,) • COOH 

Alanine CH,-CH(NH,)COOH 

Serine CH/)HCH(NH,)COOH 

Threonine CH,-CH(OH)CH(NH,)-C(X)H 

Valine (CHi),CH- CH(NH,) • COOH 

Leuci nc (CH ,)2 • CH ■ CH, • CH(NH,) ■ COOH 

CH 

Isoleucine ’ NcH- CH(NH,) • COOH 

C H ' 

Aspartic acid Hbdc CH 2 CH(NH,) COOH 

Glutamic Acid HOOC CH, CH, CH(NH*)-COOH 

Argi ni ne HN=C(NH,) • NH • CH, • CH, • CH,- CH(NH,) • COOH 

Lysine CH,(NH,) • CH, • CH, CH,- CH(NH,) - COOH 

Cystine S-CH,CH(NH,)-COOH 

i.CH,CH(NH*)COOH 

/SCH, 

Methionine CHj\ 

NcH,* CH(NH,) • COOH 

Phenylalanine C 6 Hj*CH 2 *CH(NH*) ‘COOH 

Tyrosine HO • C CH,CH(NH,) • COOH 

Histidine H0=C.CH, CH(NH,) COOH 

N ijH 
H 

Tryptophane ^CHv 

HC C C • CH,- CH(NH,) * COOH 

Hi I in 

■^Ch/ '^nh/ 

Proline H,C CH, 

H.i 1:31 • COOH 

H 
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tissues without any toxic effects. Subsequently such accumulated nitrates 
may be utilized in the nitrogen metabolism of the i)lant. Plants sometimes 
exhibit acute symptoms of nitrogen deficiency while they still contain con- 
siderable quantities of nitrates. Although such plants have been able to 
absorb nitrates, metal)olic conditions within the plant have been such that 
they have been unable to utilize them in the formation of nitrogenous 
organic compounds. 

As shown in tlic next section the first stei^ in the utilization of nitrates 
by plants is their reduction to nitrites. It seems j^robable, therefore, that 
plants can utilize nitrites as a source of nitrogen, and this supposition has 
been confirmed by solution culture experiments. However, nitrites are 
rarely if ever an important source of nitrogen for plants in nature. 

Many species of plants, when grown in sand or solution cultures under 
suitable conditions, develop as well or better when supplied with ammo- 
nium salts as when supplied with nitrates. This is not surprising since the 
nitrogen in ammonium compounds is in a highly reduced form similar to 
that found in amino acids and related compounds. In certain types of 
soils it is probable that ammonium compounds are the chief form in wliicli 
nitrogen is available to plants. This is apparently true of the acid podsobc 
soils of northern latitudes and of many uncultivated soils in the southern 
United States. Such soils contain little nitrate, but considerable quantities 
of ammonium compounds and jdants growing in them apparently obtain 
their nitrogen in the latter form. Unlike nitrate ions, plants seldom accu- 
mulate appreciable concentrations of ammonium ions. 

Even when ammonium fertilizers are applied to agricultural soils, much, 
if not most, of the absorption of nitrogen by plants occurs in the form of 
nitrates. In such soils nitrification (see later) often occurs very effec- 
tively, resulting in rapid conversion of ammonium compounds to nitrates. 

As a result of the decay of organic remains there are present in most 

soils at least small quantities of amino acids and other organic nitrogenous 

compounds. There is considerable evidence that plants can absorb and 

utilize such compounds in the synthesis of proteins. Under some conditions 

a considerable proportion of the nitrogen used may be absorbed by plants 
in the form of such compounds. 

Reduction of Nitrates in Plant Tissues.— Since in nitrates the nitrogen is 
in a highly oxidized state ( — NO3) while in amino acids and other or- 
ganic compounds it is usually in a highly reduced state, it is evident that 
reduction of nitrogen is one of the steps in the synthesis of amino acids 

and other organic nitrogenous compounds whenever nitrates are the source 
of nitrogen. 

There is considerable evidence for the existence of two principal mech- 
anisms o nitrate reduction. One appears to operate principally in roots 
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or Other non-peen organs, the energy required in tlie reduction process 
being supplied by the aerobic respiration of carbohydrates. Nitrites ap- 
pear to be an intermediate stage in such reductions of nitrates. The latter 
are further reduced to Nil-, iierhaps thiough intermediate steps of hy- 
ponitrous acid and hydroxylaniine lC'hil)nall, 1939). The NH3 is ulti- 

mately incorporated into the molecules of amino acids or related kinds of 
molecules. 

In leaves, especially when young, nitrate reduction appears to be 
accomplished by a light activated mechanism. Experimental studies by 
Burstrom (1943, 1945) of the reduction of nitrate in the leaves of young 
wheat plants indicate that the process is closely linked with the simul- 
taneous reduction of (’(),. in the process of photosynthesis and that light 
IS the source of energy. No reduction of nitrates was found to take place 
m wheat lea\cs in the dark, even when conditions appeared to be favor- 
able foi the ])ioce.ss. It seems probable that nitrate is reduced in the leaves 
to some transitory conijiound wiiich combines with an intermediate prod- 
uct ot photosynthesis, resulting in the formation of amino acids or related 
organic nitrogenous comiiounds. Resjiiratory energy is not utilized in this 
mechanism of nitrate rcfluction. 


Lekerson (1924) followed some of the steps in the reduction of nitrates 
in the tomato plant by microchemical tests. Rapidly growing tomato 
plants were transplanted from soil to quartz sand when about 8 in. tall. 
The plants were watered with a solution lacking nitrogen compounds 
until the tissues showed no tests for nitrates, nitrites, ammonia, and 
amino acids, although they still contained an abundance of carbohydrates. 
Calcium nitrate was then added to the sand. The nitrate ions were rapidly 
absorbed and could be detected in all parts of the plant within 24 hr. In 
36 hr. nitrites were present in considerable amounts at the tips of the 
stems and in certain other tissues. Traces of ammonia could also be de- 
tected. By the end of 48 hr. the quantity of nitrite had decreased, the 
amount of ammonium ion in the plants had increased, and a small quan- 
tity of asparagine was also found to be present. Three to five days after 
the addition of the nitrate to the sand around the roots amino acids were 
present in abundance in the plant tissues and they continued to increase 
in quantity for three weeks. During the synthesis of these amino acids 
the carbohydrate content of the cells decreased. 

Temperature exerts a marked effect on the nitrate reducing capacity of 
plants. In the tomato plant, for example, although nitrates are quickly 
absorbed, their reduction and the synthesis of organic nitrogen compounds 
occur very slowly at 13°C. At 21 °C., on the other hand, both absorption 
and reduction of nitrate ions occur very rapidly (Nightingale, 1933). 

Synthesis of Amino Acids. — Reference to their chemical formulas (Table 
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38) shows that amino acid molecules contain considerably more carbon 
and hydrogen than nitrogen. On the average about 85 per cent of the 
weight of amino acid molecules represents nonnitrogenous components, 
chiefly carbon, hydrogen, and oxygen. It is evident, therefore, that amino 
acid synthesis cannot occur without an adequate siqiply of carbon com- 
pounds in addition to a source of nitrogen in suitable chemical combina- 
tion. This process is also closely related to the process of reduction of 
nitrates just discussed. 

Glutamic acid is an amino acid which ai)pears to plaj" a key role in 
the nitrogen metabolism of both plants and animals. When, for example, 
tomato plants were supplied with (XH4)2S04 containing the isotope, 
much larger amounts of the heavy nitrogen were found within 12 hr. in 
glutamic acid than in any of the other amino acids (McVickar and Burris, 
1948). This indicates the occurrence of cither a rapid rate of synthesis of 
this amino acid, a rapid rate of exchange of ammonia between it and 
other compounds, or of both these i)rocesses. 

Glutamic acid is probably synthesized in plant cells by a reaction 
between ammonia, often originating from the reduction of nitrates, and 
a-ketoglutaric acid, originating in the tricarboxylic cycle (Fig. 114), as 
follows: 


coon 

1 

c=o 

CHs + NH3 + DPNH2 

CH2 

1 

COOH 

a^ketoKlutaric acid 


coon 

CHNH2 

I 

CH2 + H2O 4 - dpn 

CH2 

I 

COOH 

glutamic acid 


This reaction is catalyzed by the enzyme glutamic dehydrogenase with 
diphosphopyridine nucleotide (DPN) as the coenzyme. This enzyme is 
widely and probably universally present in plants. Although details of 
this reaction have been worked out only in animal tissues (von Euler 


This reaction is of the type known as a reductive amination. As sub- 

of enTrv •"!’ the principal route 

inart c acid""'"”"'' ' r” ‘^“"^tdered likely that 

ac d bv ana] r I “^^l^cetic acid, and alanine from pvruvic 

amto aOd tor the synthesis of these 

tion Listfhef amination is not very strong. A close interrela- 

on exists between the synthesis of certain amino acids, organic acid 
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metabolism, and the process of aerobic respiration. The conversion of 
a-ketoglutaric acid to glutamic acid and other analogous reactions which 
may occur can be consirlcred as side reactions of the tricarboxylic cycle. 

There is considerable evidence that some of the amino acids may arise 
as a result of transamination reactions in which amino groups are trans- 
ferred from one kind of a molecule to another. The following example of 
such a reaction been sliown to proceed very rapidly in oat seedlings 
(Albaum and Cohen, 194?): 


COOH 

COOH 

1 

COOH 

1 

COOH 

CHNII2 

1 1 

C =0 transaminase C =0 

1 > 1 

CHNH2 

CH2 

• < 

CH2 

CH2 + 

CH2 

CH2 

COOH 

CHj 

COOH 

COOH 


COOH 


^hitamic 

■ •valaf'otic 

o-ketOKlntaric 

aspartic 

acid 

acid 

acid 

acid 


Reactions of this kind arc catalyzed by an enzyme of the type called a 
transaminase (Table 18). Such enzymes are widely distributed in higher 
plants. The coenzytne or prosthetic group of at least some of the trans- 
aminases is pyridoxyl phosphate, a derivative of pyridoxine, one of the 
B group of vitamins (Chap. XXVIII). There is evidence that the amino 
acids alanine, phenylalanine, valine, leucine, and aspartic acid are formed 
in plants as a result of transamination reactions. 

As discussed earlier, there is considerable evidence that nitrate reduc- 
tion and amino acid synthesis, as they occur in green leaves, may be 
closely interrelated with photosynthesis. Experiments by Benson and 
Calvin (1950) and others, in which green plants were allowed to absorb 
carbon dioxide containing radioactive carbon in the light, have shown 
that some of the radioactive carbon appears in alanine and other amino 
acids after only very short periods of illumination. This is further evidence 
that a close interrelationship exists between photosynthesis and amino 

acid synthesis as it occurs in chlorophyllous organs. 

Some of the amino acids present in plant cells are often of secondary 
origin, resulting from chemical transformations of acid amides (see later) 
or other nitrogenous compounds, or from the hydrolysis of proteins. A 
number of protein-digesting enzymes have been found to be present m 
plant cells (Table 18). Such enzymes hydrolyze proteins or peptides to 
amino acids or to intermediate products of protein hydrolysis. Two of 
the best known of the plant proteases are papain, from the latex of the 
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tropical papaw (Canca papaya) and bromelln from fruit of tlie pineapple 
{Ananas sahvus) and other ineinhcrs of the Bromeliaeeae. The cffcctive- 
aess of papain as a protein-digesting enzyme, in particular, has long been 
recognized. Natives of Central and St>uth America, where the tropical 
papaw grows wild, have long known that its lea\'es ha^'e a digestive effect 
on meat. It is saiil that simjily wrap[)ing meat in crushed papaw leaves 
will increase its tenderness. Commercial pre])arations of pajiain are made 
from the latex of the papaw. 

Cystine, cysteine, and methionine are the snlfur-containing amino acids. 
Chemically cysteine is derived by splitting a cystine molecule (Table 381 
into two identical halves, with the addition of one atom of hydrogen to 
each half. These amino acids undoubtedly play an important role in the 
sulfur metabolism of plants. Sulfur always occurs in amino acids and other 
plant sulfur-containing compounds in reduced forms. Plants obtain most 
of their sulfur in the form of sulfates absorbed from the soil, but very 
little is known of the chemical mechanism whereby sulfate ions are re- 
duced in plant tissues. 


In some species of plants reduction of nitrates and amino acid synthesis 
appear to take place principally in the smaller roots, little if any occur- 
ring in the aerial organs of the plant. In other species reduction of nitrates 
and synthesis of amino acids appear to occur predominantly, although 
not entirely, in the leaves (Nightingale, 1937). Examples of plants be- 
longing to the first group are apple, asparagus, and narcissus; examples 
of species belonging to the second group include tobacco, tomato, and 
cucurbits. As the previous discussion has indicated, the metabolic path- 
ways followed by these fundamental processes are different in the two 
organs. 

The Synthesis of Proteins.— The theory that proteins are formed by the 
condensation of numerous amino acid molecules was first suggested by 
Einil Etcher. He succeeded in linking together eighteen amino acid inole- 
cu es (fifteen of glycine three of leucine) and thus producing a synthetic 
polypeptide m which the ammo acids were bound together by peptide 

.e„ ,„„lcc„ic united ,vi,l, tl.e carboxyl group „t anotller amino acid 

olecule, water being split off in the process. The simnlest dipeptide is 
that formed by condensation of two molecules of glycine: 



CH2-COOH 


cdoH -f hI— ilj 

^ k 


CH^-CO— 


CH2— COOH 

I 

NH 



+H2O 
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The dipeptide resulting from the condensation of the two amino acid 
molecules possesses an amino group and a carboxyl group to which other 
amino acids can be linked. The addition of amino acid molecules by 
peptide linkages to either or both of these groups still leaves amino and 
carboxyl groups present in the resulting molecule. According to the 
generally accepted view polypeptides, peptones, proteoses, and finally 
proteins are formed by the condensation of more and more amino acid 
molecules in this way, at least several hundred being required for the 
building up of a single protein molecule. Although the net effect of pro- 
tein synthesis is that of a condensation of amino acids, the actual mech- 
anism of the process is probably more complex. There is some indirect 
evidence that a phosphorylation mechanism may be involved in the syn- 
thesis of proteins, as it is in many carbohydrate transformations. 

The arrangement of the amino acid residues in protein molecules is 
not entirely understood. It is clear, however, that protoplasmic proteins, 
in general, are long chain-like molecules. In some other proteins the chain 
of amino acid residues appears to be much folded giving rise to a compact, 
closely knit molecule. These latter are known as globular proteins because 
the molecules are believed to be roughly globular in shape. Both kinds of 
protein molecules are systems of polypeptide chains, the difference be- 
tween them dei>ending largely upon the degree to which the chains of 
amino acid residues are folded. 

Every species of j^lant or animal produces characteristic and specific 
proteins which are not found in other species. Therefore a very large 
number of kinds of proteins must exist. It has generally been considered 
that the number of possible combinations of amino acids found in pro- 
teins is virtually innumerable. Random combinations of 19 different kinds 
of amino acid molecules in the formation of a polypeptide chain of only 
50 molecular units could take place in the inconceivably large number of 
10**® "ways. There are good reasons for believing, however, that the struc- 
ture of protein molecules is governed by general principles which greatly 
limit the number of possible combinations of amino acids (Bergmann 
and Niemann, 1938). According to these workers all protein molecules 
are built upon a recurring pattern so that every amino acid in the poly 
peptide chain recurs at constant intervals. For example, in silk fibroin 
(a protein), they find that every other amino acid residue is glycme, 
every fourth one is alanine, and every sixteenth one is tyrosine. This 
arrangement can be diagramed as follows, X representing other ammo 

acid residues than those mentioned; 

G-A-G-X-G-A-G-T-G-A-G-X-G-A-G-X-G-A-G-X-G-A-G-T-G-A-G-X 
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A similar recurrence of amino acid residues in a periodic manner was 

found in the molecules of other proteins. The variotis kinds of proteins 

differ from each other in the kinds and frequencies of the constituent 
amino acids. 


X-ray analysis of silk fibroin, however, suggests that the periodic rep- 
etition of specific amino acid residues does not occur with the exactness 
and regularity described above (Astbury, 1943). It seems possible that 
protein molecules may contain definite proportions of specific amino acid 
residues without their occurring in a fixed and regular sequence. 

Although the theory that protein synthesis is accomplished by the suc- 
cessive union of amino acids is widely accepted, it is not the only possible 
explanation of protein synthesis. The fact that certain protein molecules 
can exactly duplicate themselves, time after time, in the environment of 
living cells, suggests that the molecular pattern of an existing protein may 
serve as a model or template against which other molecules of the same 
protein may be constructed. If one protein molecule serves as the model 
upon which a second identical molecule is molded, it is possible that the 
units which are fitted together on the pattern are not solely amino acids 

but may include a wide variety of other atomic groupings (Steward and 
Street, 1947). 


The intimate linkage of the mechanism of protein synthesis with other 
physiological activities of the cell is an important consideration in plant 
metabolism. Steward et al. (1940) have demonstrated experimentally that 
protein synthesis in aerated slices of potato is closely dependent upon the 
oxidative mechanisms of the cell. At times of rapid protein synthesis the 
respiration rate is also high. Low rates of protein synthesis are correlated 
with low rates of respiration. Similarly, growth is interrelated with both 
protein synthesis and respiration (Chap. XXIX). Growing eells always 
exhibit high rates of protein synthesis. Salt accumulation may also be 
correlated with protein synthesis since both are linked to respiratory en- 
er^ Protein synthesis, respiration, salt accumulation, growth, and other 

tot occuTITr ,r '»«' i" ‘Ite energy transformation, 

that occur and n the organic molecules which participate in the reactions 

co^spS'trthrr"' -eecsarily 

correspond to the principal regions of amino acid synthesis In fact a 

medef of “p'lanL “mo" f ^ ‘h'ee ‘"o Processes. In some 

r ralZLh Z*'”" i" -erietems orInZrage «s 

from the tissues in wbinV, ^ compounds are commonly translocated 

tissues m which they originate to other, often distant, tissues 
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before being converted into ])roteins. Little or no translocation of proteins 
as such occurs in plants. 

In meristems protoplasmic proteins are constiucted from amino acids. 
This is one phase of the process of assimilation (Chap. XXIX). In many 
seeds and some other organs storage proteins are constructed from amino 
acids. This is a phase of the process of accumulation. Most such proteins 
are subsequently digested to amino acids which, usually after transloca- 
tion to other tissues, are assimilated. Reutilization of assimilated proteins 
may also occur. In senescent leaves, for example, decomposition of proto- 
plasmic proteins may take place and some of the resulting organic nitrog- 
enous compounds, at least, may be translocated to meristems and there 
resynthesized into proteins. 

The Nucleoproteins. — Previous discussion (Chap. XVI) has indicated 
that the genes of the chromosomes exert their influence upon the metabolic 
processes of cells through their controlling effect on the synthesis of en- 
zymes. Although such a relation has long been pustulated, it is only in 
comparatively recent years that experimental verification of this hypoth- 
esis has been forthcoming (Beadle, 1945). , 

The primary role of the genes in charting the metabolic pattern of a 
cell has focused the attention of many investigators ui)on their chemical 
composition. Evidence from various sources has led to the conclusion that 
genes are composed of proteins of the type known as nticleoj^roteins 
(Beadle, 1946). It is even possible that a given gene may be a single 
nucleoprotein molecule. 

The nucleoproteins are molecules of relatively enormous size (sonie 
have molecular weights of many millions) in which a protein portion is 
linked to a nucleic acid. These latter compounds are themselves extremely 
complex. Upon hydrolysis they yield phosphoric acid, a pentose sugar, 
two purine bases, and two pyrimidine bases. Purine and pyrimidine bases 
are cyclical nitrogen-containing compounds. The only two purines known 
to occur naturally in nucleic acids are guanine and adenine. The pyrim- 
idine bases which have been found in nucleic acids are cytosine, thymine, 
uracil, and methylcytosine. A nucleic acid unit appears to consist of four 
pentose sugar residues to each of which is attached a different cyclic ni 
trogen base and a molecule of phosphoric acid (Gulick, 1944). 

Nucleoproteins, in spite of the name, are not restricted to the nuclei o 
cells but are also present in the cytoplasm. The cytoplasmic nucleopro- 
.eins are chemically different from those of the nucleus (Mirsky, 1943). 
Both the nucleic acid and the protein components of the two kinds o 
nucleoproteins are dissimilar. The sugar radical of the nucleic acids pres- 
ent in nuclei is the pentose, desoxyribose, wLile the sugar in the cyto- 
plasmic nucleoproteins is n-ribose, another pentose. The proteins of t e 
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nuclear nucleoproteins are of the types known as histones and protamines, 
but the protein constituents of the cytoplasmic nucleoproteins have not 
been identified. The proportion of nucleic acid in each of the two kinds of 
nucleoproteins also appears to differ, being higher in the nuclear than in 
the cytoplasmic nucleoproteins. 



The recent discovery that the crystalline plant viruses are also nucleo- 
proteins has led to much speculation regarding a possible relationship be- 
tween viruses and genes. All of the crystalline viruses, however, have been 
shown to be nucleoproteins of the cytoplasmic type rather than of the 

nuclear kind (Mirsky, 1943). 

in F^g.^2^''" synthesis are indicated diagrammatically 
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Ammonium ions are readily absorbed from the soil and utilized in amino 
acid synthesis as long as the medium around the roots is well aerated and 
the supply of carbohydrates is adequate. If, on the other hand, the roots 
are inadequately supplied with oxygen, or if the tissues are low in carbo- 
hydrates, ammonia may accumulate in the cells and injury to the plant 
follows quickly (Arnon 1937, Burkhart 1938). Under conditions of carbo- 
hydrate starvation, ammonium ions are neither absorbed nor utilized in 
the roots. The accumulation of ammonia in the tissues under these condi- 
tions appears to be the result of the breakdown of proteins and the amides, 
asparagine and glutamine, as described later. 

In spite of its prominent position in the reactions of nitrogen metab- 
olism, ammonia is definitely toxic to plants if jiresent in any appreciable 
quantity. Large amounts are involved in the various phases of nitrogen 
metabolism, but only traces are ordinarily present in the uncombined state 
in plant cells. Apparently ammonia is usually metabolized so rapidly that 
it rarely accumulates in plant cells. 

2. Asparagine and Glutamine . — The compound resulting if one of the 
carboxyl groups of aspartic acid is replaced with an acid amide group is 
called asparagine. A similar substitution in the molecule of glutamic acid 
gives the compound glutamine, thus: 
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The exact modes of synthesis of asparagine and glutamine are not 
known. Both of these compounds are commonly present in plant tissues, 
although one of them is often present in larger amounts than the other. 
In beets, tomato plants, potato tubers and rye grass, for example, more 
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glutamine accumulates than asparagine. On the other hand, asparagine 
predominates in many legume seedlings and in Sudan grass. Some species, 
such as corn, synthesize appreciable amounts of both amides, when meta- 
bolic conditions are favorable for their formation, although asparagine 
is usually more abundant than glutamine (Viets et al, 1946). 

The role of the amides in nitrogen metabolism has been extensively 
studied by many investigators (Robinson 1929, :Murneek 1935, Chibnall 
1939, Mothes 1940, Vickery et al., 1946, Steward and Street, 1946). The 
appearance of asparagine and glutamine in plant tissues is closely linked 
^dth the presence of ammonia. The amides usually appear, for example, 
whenever large amounts of ammonium ions are being absorbed by the root 


system (Clark 1936, Viets et ai, 1946, Vickery et al., 1936). Asparagine 
and glutamine are also formed in young seedlings when the protein of the 
food storage tissues of the seed are being utilized in growth. At times of 
caibohydrate starvation, amino acids and related compounds may be 
oxidized in respiration, releasing ammonia within the cells. Under such 
conditions the ammonia set free is rapidly used in amide synthesis, thus 
obviating any toxic effect it would otherwise exert. If carbohydrate de- 
ficiency become very severe, asparagine and glutamine may also be 
oxidized, resulting in the liberation of ammonia within the tissues. When 
this occurs the tissues are usually injured. 

It has long been assumed that the amides are important in nitrogen 
metabolism largely because, as a result of tlieir synthesis, the accumula- 
tion of free ammonia in plant tissues is prevented. The correlation known 
to exist between amide formation and metabolic or environmental con- 
ditions which favor the accumulation of ammonia (rapid absorption of 
ammonium ions, carbohydrate starvation leading to the oxidation of 
ammo acids and hydrolysis of proteins) is undoul.te.lly a consequence 
01 the utilization of ammonia in amide synthesis 

Asparagine and especially glutamine, however, are very reactive and 
highly mobile components of metabolic systems. Their role in nitrogen 
metabolism is certainly not confined to the preventing of injury from the 
accumulation of ammonia in plant tissues. These amides undoubTedlv 
participate extensively in transamination, reductive amination and other 

B roMh -t-gen metabolism of plants " 

S^oVnitr impor’tant t 

in amide synSiisTn nitrogen found 

rapidly as iTem^lTo; Z 
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Some plant si>ecies usually accumulate one of the amides in greater con- 
centrations than the other. This fact has led to the suggestion that aspar- 
agine and glutamine may have different roles in the nitrogen metabolism 
of such species (Vickeiy et aLj 1946). It is entirely possible, for example, 
that in some i)lant species asparagine may be more important as a storage 
form of soluble nitrogen, whereas glutamine may play a greater role in 
amino acid and protein syntliesis (Street et al.j 1946). In other species 
asparagine may participate more actively in protein synthesis. 

3. IWea. — Ureaf (NHolo'CO) occurs abundantly (as much as 11 per 
cent of the dry weight) in sninc fungi and is also present in small quanti- 
ties in certain seed plants (Klein and Taubock, 1930). Urea is one of the 
products formed when the amino acid arginine is hydrolyzed by the enzyme 
arginase (Table 18). Urea, like asparagine and glutamine, may also be 
one of the products of the oxidation of amino acids in tissues with a low 
carbohydrate content. Under the influence of the enzyme urease urea is 
hydrolyzed to ammonia and carbon dioxide (Table 18). Some investiga- 
tors believe that urea may serve as the starting point in the synthesis of 


some of the complex cyclic nitrogen compounds which appear to be pres- 
ent in some j)rotcins but there is no actual evidence in fjISror of this view. 
The physiological role of urea in the seed plants is probably similar to 


that of asparagine and glutamine. 

4. The Alkaloids. — Alkaloids are complex cyclic compounds containing 


nitrogen that are synthesized- only in certain species of plants. They are 
especially common in members of the Solanaceae, Papaveraceae, Legu- 
minosae, Ranunculaceae, Rubiaceae, and Apocynaceac. Sj)ecies of plants 
which contain one alkaloid are very likely to contain others. More than 
twenty different alkaloids have been isolated from opium, which is the 

dried juice of the unripe fniits of certain species of poppies. 

Some of the better known alkaloids are nicotine from tobacco, quinine 
from the bark of the cinchona tree, morphine from poppy fruits, stryc 
nine and brucine from the seeds of Strychnos nuxvomicay atropine from 
the deadly nightshade (Atropa belladonna), and colchicine from meadow 
saffron (Colchicum autumnale). Caffein from coffee and tea, and theo- 
bromine from the cocoa bean are also often classed with the alkaloids. 
The formula for nicotine, a representative alkaloid, gives some idea o e 


chemical nature of these substances: 
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Most of tlie alkaloids art* white solids, hut nicotine is a lifjuid at or- 
dinary temperatures. They are all basic in reaction as the name indicates, 
and only slightly soluble in water. 

It is common for the alkaloids synthesized in a given jdant species t(» 
accumulate in certain organs of a plant. About 85 per cent of the nicotine 
in a tobacco plant, for example, is located in tlie leaves. However, when a 
tobacco scion is grafted on the root system of a tomato plant, no nicotine 
is found in the leaves; when the reverse graft is made, the heaves of the 
tomato contain nicotine (Dawson, 1942). It appears, therefore, that the 
nicotine is synthesized in the roots whence it is translocated into the leaves 
and other aerial organs. Of especial interest is the fact tliat tliis upward 
translocation appears to occur in the xylem. The alkaloids in Atropn 
belladonna (Cromwell, 1943), and Datura stra7non{uui (Peacock et al., 
1944) also appear to be synthesized largely, if not entirely, in the roots. 
Anabasine, however, another alkaloid of tobacco, appears to be synthe- 
sized in both the root and shoot (Dawson, 1944). The physiological role 
ol the alkaloids in plants is unknown. Their restricted distribution indi- 


cates that they are not essential in any process of general importance. It 
is possible that many of them are physiologically unimportant by-prod- 
ucts of the nitrogen metabolism of the species in which they are found. 
li/Xtensive studies of the role of nicotine in tobacco (Dawson, 1946) sug- 
gest, however, that this alkaloid can be converted into other forms of 

nitrogen which may play a useful role in the nitrogen metabolism of the 
plant, 

TPe OVigin orNitrogenous Compounds in the Soil.— The entire nitrogen 
supply of the higher plants is obtained from compounds in the soil that 
contain this element. Nitrogen compounds are continually being lost from 
the soil by the leaching action of rains and by the removal of the plant 
cover through fire or other agencies. Large quantities of nitrogen are lost 
every year from cultivated soils as constituents of crops harvested there- 
from The soils however, show no equivalent depletion of their nitrogen 
supply^ Since there is no nitrogen in the rocks from which the soils are 

^nitrogen" supp*r“m “e''brMy ZCd‘„'’IrtT ‘ T 

1 1 .. . Two groups of bacteria are able to fix aonreci- 

tain saTophytic b^Terif Xf oTt^n 

matter in the soil, and (2) symbiotic nitrogen-fixing blcLia'" whichTve 
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in the roots of leguminous plants. Other bacteria and fungi and some blue- 
green algae also appear to be able to combine atmospheric nitrogen with 
organic compounds but the amount of the nitrogen fixed by these organ- 
isms is probabl}^ not very significant. 

Symbiotic nitrogen fixation is the result of the activities of species of 
Rhizobhnn which are rod-shaped bacteria that enter the roots of legumes 
by way of the root hairs and cause the formation of nodules on the young 

roots (Fig. 122). Kach species of 
Rhizobiinn infects the roots of only 
certain leguminous species. These 
bacteiia live inside the nodules and 
there synthesize organic nitrogen 
compounds from the carbohydrates 
of the host and gaseous nitrogen of 
the air. 

Most of the nitrogen fixed by the 
symbiotic bacteria in organic com- 
bination moves out of the ikkIuIcs 
into the other tissues of the host 
plant whei’e it is utilized in protein 
synthesis. Soybean plants, for ex- 
ample, are estimated to utilize 
about 90 per cent of the nitrogen 
fix(*d by the bacteria in the nodules 
on their roots. Under certain condi- 
tions some of the nitrogen-contain- 
ing compounds in the nodules ina> 
move out into the surrounding i>eil 
where they can be absorbed h} 
other species of plants. iThc quan- 
tity of nitrogenous conqwinds lost 

by nodules into the soil orrlinaiily is small and appears to be dctci mined 
by the relative rates of photosynthesis and nitrogen fixation (Wilson, 
1940). Loss of such compounds from tiic nodules into tiic sod apparently 
occurs only when photosynthesis in the legume is sufficient to induce a 
favorable rate of nitrogen fixation but insufficient to build up an excess 
of carbohydrate. When carbohydrates arc |)resent in amounts greater than 
necessary to insure favorable rates of nitrogen fixation, they com 
with the nitrogen compounds released by the bacteria thus largely pre 
venting loss of such compounds to the soiI.»loughing off and decay o 
root tissues of legumes is undoubtedly a important source of nitro- 


Fic:. 122. Nodulo.« containing nitro- 
gen-fixing hacterin on roots of soy- 
bean. Photograph, courtesy of Dr. 

H. W. Batchelor. 
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gen compounds to the soil than outward diffusion of soluble nitrogen 
^nipounds from their living roots. 

|| Symbiotic nitrogen fixation is depressed if inorganic nitrogen coin- 
])ounds are present in abundance in the soil around the roots of the legume 
Jilants. Xcvcrthcless, even with an abundance of such compounds in the 
soil It IS not uncommon for the amount of nitrogen fixed by the bacteria 
m the nodules to exceed that absorbed from the soil. 

Nitrogen fixation by symbiotic bacteria is, in general, favored by the 
same factors that promote good vegetative growth of the host plants. Sur- 
prising quantities of atmospheric nitrogen may be combined into organic 
compounds by these bacteria. Under very favorable conditions a good crop 
of alfalfa may add as much as 400 poun.ls of nitrogen per acre to the soil, 
the average, however, is much lower, being estimated bv Giobel (1926) 

as roughly between 100 and 200 pounds per acre when common legumes 
are used as host plants. ^ 

Although the chemistry of nitrogen fixation has been the subject of in 
tensive study in recent years, the details of the process are not vet fiillv 
understood. It seems probable, however, that ammonia is the key inter- 
mediate compound 111 nitrogen fixation as it is in the synthesis of amino 
acids and ])rotcins m the higher idants (Wilson and Burris 1947) 

Most of the nitrogen fixation by saprophytic bacteria is brought about 
bj two groups of organisms: (1 ) the Azofobaefer group composed of coc 
cus-hke aerobic organisms, and (2) the Clostridmm group which are rod 
d,«„cd Boll, ,y|.os .,0 

Those .’’j' 

acidities as great as pH 5 Roth o-m ’ can tolerate soil 

dry soils. effectii-ely in relatively 

bai;L rdtln fhelver:;?X^^^ -‘-^--fixing 

acre of soil each year. This is much less't han t he”"’'””'''’ "’^rogen to each 

only when in the living roots of'leglimes ^UirthtT’’'’” 

present in agricultural soils, the total anJ. + r former are generally 

to the agricultural lands of the United nitrogen added 

fixing bacteria is about equal to that^ 1 nitrogen- 

( Wilson, 1940). Together thev are symbiotic bacteria 

g they a.e credited with adding nearly 10 million 


520 


NITROGEN METABOLISM 


tons of nitrogen annually to the agricultural areas of the United States 
(Lipman and Conyheare, 1936). 

2.-'Ammonification . — In the process of decay tlic complex nitrogenous 
compounds present in dead plant and animal tissues arc broken down into 
a number of simpler compounds, most of the nitrogen being released in 
the form of ammonia. This process is termed anunomficatwn and the 
bacteria in^'olved are called ammonifying bactena. Ammonification is not 
the result of the activities of a single group of bacteria but may be 
brought about by a large number of different microorganisms, including 
tlie actinomyces and filamentous fungi in addition to numerous groups 
of bacteria. Probably most of tlie bacteria commonly present in soils 
participate in the formation of ammonia from one kind of nitrogenous 
material or another. TIu' amount of ammonia formed in the decay of 
nitrogenous materials is influenced by (1) the available carbohydiate 
supply, (2) tlie chemical composition of the nitrogenous materials, (3) 
the organisms involved, and (4) the acidity, aeration, and moisture con- 
tent of tlie soil. The ammonifying organisms utilize carbohydrates as a 
source of energy more readily than proteins so the amount of ammonia 
formed is markedly decreased when large amounts of carliohydrates are 


available^ 

S.^Xitrifi cation . — The ammonia formed in the decomposition of pro- 
\nns and other organic nitrogenous compounds may be acted upon by t ic 
nitrifying bacteria and transformed in two steps to nitrates. The first step 
is the oxidation of ammonia to nitrites. This is accomplished by organisms 
belonging to the two genera; Nitrosomonas and Kitrosococcus. Neither o 
these organisms can oxidize the nitrite which they jiroduce, but . 

pound is oxidized to nitrates by a different organism, Nitrobacter. A 
these organisms differ from each other morphologically, but they are 
similar physiologically in that they use the energy obtained from ^ ^ * 
dation of ammonia or nitrites in the synthesis of carbohydrate compou 
from carbon dioxide and water. All of these organisms are therefore chc - 
osynthctic in their metabolism (Chap. XVIII). The soil conditions favo - 
Ing nitrification arc: (1) pH values on the alkaline side 7; 

(2) the absence of large amounts of carbohydrates in the soi , an 


good aeration. ^ . r 

. 4yt)enitrification.—A large number of organisms are capable 

dil^ng nitrates to nitrites and ammonia. This occurs ^ 

tissues of the higher plants as we have seen earlier. Certain soil org > 

however, can reduce nitrates all the way to molecular nitrogen, 

organisms are known as denitrifying bacteria and include a 

species of which Bacterium denitrificans is probably the bes 

Denitrification occurs only m the absence of atmospheric oxygen a 


i 
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effectively when an abundant supply of carbohydrates is i)resent in the 
soil. It does not normally occur in well-cultivated soils. 

5. Rain as a Source of Xitroqet) ('ojnpounds . — Small amounts of in- 
organic nitrogen compounds reach the soil from the atmosphere. (Oxides 
are formed during electrical storms, and these are brought into the soil 
by the rain. Ammonia also escapes from various sources into the atmos- 
phere and may he returned to tlie soil in solution in raindrops. Measure- 



ments made at the Rothamsted Experiment Station in England over a 
five-year period showed that rain water brought down 4.4 pounds of nitro- 
gen per acre per year. The amount of nitrogen added to the soils at Roth- 
amsted in this way approximately equaled losses of nitrogen suffered by 

leaching. 


The complete story of nitrogen in relation to plant life involves a whole 
senes of events, some of which occur in the cells of micro-organisms of the 
SOI and some in the tissues of the higher plants. This scries of events is 
requently referred to as the “nitrogen cycle” (Fig. 1231. 
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DISCUSSION QUESTIONS 

1. List the different kinds of chemical combination in which nitrogen is 
prc.^ent in green plants. 

2. Why dof'S not the continuous occupancy of an uncultivated area by native 
plants eventually exhaust all the nitrogen in the soil? 

3. Corn (maize) was planted on a field which was in alfalfa the preceding 
year. Trace the origin of the various kinds of nitrogenous compounds that would 
be available to the corn i)Iants. 

4. List the important known inter-relationshii).< between respiration and the 
nitrogen metabolism of green plants. 

5. How would 3 'ou undertake to show experimentally whether or not green 
plants can use the nitrogen of the atmosphere? 

6. Why does tlie presence of abundant nitrates in the soil usually result in 
decreased nodule formation on the roots of legumes growing in that soil? 

7. Would nitrates or ammonium compounds be a more satisfactory source of 
nitrogen under conditions favoring their rapid absorption and slow utilization? 

8. Sometimes ])lants exhibiting symptoms of nitrogen deficiency are found to 
contain abundant nitrates upon analysis. What are possible explanations? 

9. Azaleas, blueberries, and some other species grow well only in acid soils. 
What kinds of nitrogenous compounds would you recommend for use on such 
jilants if you wished such compounds to serve also a secondary role in helping 
maintain soil acidity? Explain. 

10. Organic nitrogen compounds, such as urea, can be absorbed through the 
leaves of some sj)ecies of plants. What advantages would there be in supplying 
nitrogen to such plants as foliar sprays? 

IL At temperatures below about 15°C. and low light intensities, organic nitro- 
gen compounds leach out of the nodules of legume roots into the surrounding 
soil. When soil temperatures are above 15°C. and light intensities are high no 
such leaching occurs. Explain. 
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TRANSLOCATION OF SOLUTES 




In most plants a large proportion of the living cells do not contain 
chloroplasts. All such non-green cells are dependent for essential carbo- 
hydrates upon the chlorophyllous cells of the plant. Many of the non- 
green cells are remote from the photosynthesizing cells. The cells in the 
root tips of trees, for example, are sometimes hundreds of feet distant 
from the nearest leaves. They, as well as all other non-green cells in the 
body of a plant, are dependent for their existence upon the carbohydrates 
which move to them through intervening tissues from the chlorenchyma. 
Such a movement of soluble carbohydrates is but one example of a number 
of kinds of solute transfer which occur in plants. 

^lovement of organic and inorganic solutes from one part of the plant 
to another is designated as the translocation y transporty or conduction 
of solute^These terns are generally^^estricted tO'movements of soluTes 
in the tissues of the phloem and xylem in which the distance through 
which they are transported is u.sually very great in proportion to the size 
of the individual cells. They are not ordinarily used to refer to the cell-to- 
ce movement of solutes which may occur in any part of the plant. 

natomy of Phloem Tissues. — Of the various stem tissues only the xylem 
an phloem possess such a structure as to suggest that a relatively rapid 
ongitudinal movement of solutes can occur through them. Both of these 
issues are characterized by the presence of elongated cells and elements 

Furth in such a way as to form essentially continuous ducts. 

been shown experimentally that the rate of move- 
is totall f-brough other stem tissues, such as the pith and cortex, 

stems ^ ^Qhate to account for known rates of translocation through 

xylem tissues has already been discussed in Chap, 
iscussion of the anatomy of the conductive tissues will now be 
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completed by a consideration of the structure of the phloem. Like the 
xylem, the phloem is continuous from the top to the bottom of the plant, 

the ultimate terminations of the phloem 
system being in the tissues of the stem 
tips or leaves and other lateral organs, 
and in tlie root tips. Although in most 
species solutes move for the greatest dis- 
tance through steins, it is important to 
realize that the c()n(liicti\’e tissues of 
plants constitute a complicated but unit 
system whicli ramifies to all jiarts of the 
plant body. 

The general arrangement of the xylem 
and ])hIoein tissues in representative 
types of stems has already been consid- 
ered (Fig. 49, Fig. 50). In the majority 
of dicot stems the phloem usually occurs 
as a continuous cylinder of tissues just 
external to the cambium layer. In a few 
species some strands of internal phloem 
are present inside of the xylem (Fig. 
124). In roots the primary phloem and 
xylem are present, as seen in cross sec- 
tion, in a radial arrangement, but the 
secondary conductive tissues are oriented 
in essentially the same pattern found in 
stems (Fig. 68). 

Five principal types of cells are found 
in the phloem: (1) sieve elements, (2) 
companion cells, (3) phloem fibers, (4) 
phloem pareni^frgma, a.nd (5) phloem-ray 
cells. The proportions of these various 
types of cells present are different in 
every individual species and in some spe- 
cies not all are present. 

Sieve elements are of two main types. 
In most angiosperras sieve tubes are 
present, each consisting of a linear series 
of elongated, rather thick-walled cells 

joined together end to end (Fig. 125). The individual cells are called 
sieve-tube elements. Fine strands of cytoplasm pass from one sieve-tuDe 
element to the next through pores in the end walls. These pores are 



vesse/ 


•nterno/ 

phloem 


Fk;. 124. Cross section of a 
small portion of a tomato stem 
showing internal phloem. 
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crooned into definite areas called sieve plates. Sieve plates may also be 
present in the side walls of sieve tubes. When the end wall of a sieve- 
tube element is transverse, it usually has only a single sieve plate, but if 
the end wall is oblique it commonly bears several sieve plates. In pota o 
stolons the sieve-tube elements range up to 100 in length ; in 

In gymnosperms true sieve tubes are not present. The e ongated cells in 
which^onduction occurs are called sieve cells and resemble the s>e^-tube 
elements in many ways. However, they are not regularly arranged end to 
end and do not possess such elaborate sieve plates as sieve-tube elements 



/eye tube 


companion cell 


phloem 
parenchyma cell 


sieve phfe 


Fig. 125. Longitudinal section through a sieve tube element and associated cells 
from the stem of tobacco. Redrawn from Holman and Robbins (1938). 
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Sieve-tube elements usually develop by the longitudinal division of 
mother cells which have arisen as a result of the division of a cambium 
cell. The division of such mother cells results in a sieve-tube element and 
a companion cell (Fig. 125). Sometimes the mother cell may divide longi- 
tudinally more than once forming one sieve-tube element and two or 
more companion cells. 

\ oung sieve elements are nucleate cells and contain actively streaming 
cytoplasm. The cytoplasmic membranes exhibit their usual property of 
differential permeability. A network of cytoplasmic strands commonly 
extends across the vacuole. Plastids and slime-bodies are usually present. 
The latter are small, usually more or less rounded masses, probably com- 
posed of proteinaceous mateiials. After reaching mature size, a sieve ele- 
ment undergoes a series of changes which are unique among plant cells 
(Crafts, 1951). A sieve element apparently does not enter upon the main 
period of its functional life until it has passed through this series of 
changes. The nucleus disintegi'atcs, as do also the plastids and slime- 
bodies. Cytoplasm becomes confined largely to a thin layer lining the wall, 
and streaming of the cytoplasm ceases. There is considerable evidence 
that the cytoplasm of such mature sieve elements, and particularly that 
of the end walls, is in a highly permeable condition. Its appearance sug- 
gests a state of low metabolic activity. Cytoplasmic connections from 
element to element remain well developed during these later stages in the 
development of the sieve element. 

The functional life of most sieve elements is relatively short. For proto- 
phloem elements it may be only a few days. In most woody species the 
cytoplasm disappears from most of the sieve elements by the end of 
the growing season in which they were formed. At about the time that the 
cytopla.sm disintegrates the sieve jdates become capped with plugs called 
callvs composed of carl)ohydratc material. In a few woody species such 
as grape, rose, linden, and tulip tree, the cytoplasm of most sieve-tube 
elements does not disintegrate at the end of the first season. In such spe- 




cies temporary callus caps are deposited at the approach of the dormant 
season, which arc dissolved at the advent of the next growing season. In 
such species sieve tubes may remain functional for two or even more 


ears. 


The companion cells arc much smaller in cross section than the sieve- 
tube elements. They may have the same length as the sieve-tube elements 


or they may be half or even less than half the length. The protoplasm of 
each companion cell contains a prominent nucleus, and numerous small 
vacuoles, but no starch grains. The walls separating the companion cell 
or cells from the sieve-tube element are characterized by the presence of 


numerous small i)its, but the walls between the companion cells and the 
parenchyma cells contain few or no pits. In some species some sieve-tube 
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elements do not have companion cells adjacent to them, whereas in other 
species every sieve-tube element is accompanied by one or more com- 
panion cells. Gymnosperms and pteridophytes do not have companion 

cells. 

PhloeTn parenchyma is composed of living cells which are somewhat 
elongate parallel to the long axis of the stem. This tissue does not occur 
in monocots and is also absent from the phloem of some dicots. The pro- 
portion of phloem-parenchyma cells in tlie ])hlocm varies widely accord- 
ing to species. In most herbaceous dicots they constitute a smaller propor- 
tion of the phloem than do the sieve tubes and companion cells. The 
phloem of seedlings, however, may consist largely of phloem parenchyma. 
Woody species also differ greatly in the proportion of phloem-parench} ina 
cells present. The arrangement of phloem-parenchyma cells likewise ex- 
hibits a great variation. They may occur in definite clusters, in tangential 
bands, or in radial rows that are closely associated with the sieve tubes. 
Many of the phloem-parenchyma cells contain starch, and in certain 
species they often contain ciystals. 

Phloem fibers, found in the phloem of some plants, are elongated cells 
with thick, usually lignified walls. They are more common in woody than 
in herbaceous species and, like the companion cells, they do net occur in 
the gymosperms or in the pteridophytes. The phloem fiber cells have long, 
tapering ends which overlap, forming strong fibrous strands. They fre- 
cjuently occur in groups or as cylindrical sheaths surrounding the inner 
phloem tissues. 

As discussed in Chap. XII, vascular rays are present in the stem tissues 
of most species. The vascular rays are initiated in the cambium and ex- 
tend both into the xylem and into the phloem. The distribution of the 
phloem raySj as the portions of the vascular rays located in the phloem are 
called, varies greatly according to species. As a rule, they consist of band- 
like bundles of transversely oriented living cells varying from one to many 
cells in width and from several to many cells in height. Certain types 
of phloem-ray structure are characteristic of each species. The cells of 
phloem rays are radially elongate, and parenchymatous. The phloem-ray 
cells of roots and stems contain considerable quantities of starch and 
probably other organic compounds as well. 

Longitudinal conduction in the phloem undoubtedly occurs principally 
through the sieve elements since they alone are universally present and 
are constructed so that they offer less resistance to movement than other 
types of phloem cells. Nevertheless there is a distinct possibility that the 
parenchyma and companion cells also play a part in translocation proc- 
esses. The phloem-ray cells undoubtedly serve as channels of lateral con- 
duction. The phloem fibers probably play no part in conduction. 

As a result of cambial growth there is a continued fonnation of new 
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xylem and phloem cells during part or all of the growing season. This 
results in most species in crushing the older phloem tissues, including the 
sieve tubes. Other changes which occur as phloem grows older include 
lignification of fibers and sometimes also ray and parenchyma cells and, 
in certain species, modification of ray and parenchyma cells into hard, 
thick-walled, dead cells known as stone cells. Development or enlargement 
of lactiferous systems is also unusual in the older phloem of some species. 
In woody stems and roots further profound modifications occur in the 


phloem tissues as the result of the activity of secondary meristenis 
called cork cambiums. 


Developmental aspects of the phloem tissues are given further consider- 
ation in Chap. XXIX. 

General Aspects of the Translocation of Solutes in Plants. — From the time 
that a young plant starts to grow until its death, a more or less continuous 
movement of solutes is in progress through the conducting elements of 
every organ of the plant. In a very young seedling, foods are usually 
translocated upward in the growing stems and downward in the develop- 
ing roots from the storage tissues of the seed. As soon as the rate of 
photosynthesis in the developing seedling becomes sufficiently high, at 
least part of the photosynthate moves in a downward direction from the 
leaves toward the roots while some of it is often moving upward toward 
apical meristems. Furthermore, as soon as the developing roots make 
effective contact with the substrate, absorption of mineral salts begins, 
followed by translocation of a large part of them in a generally upward 
direction through the plant. At least some of the solutes absorbed from 
the soil, especially those containing nitrogen, phosphorus, or sulfur, often 
react within the root cells wfith organic compounds which have descended 
into the roots from the leaves. The resulting chemically more complex 
compounds, such as amino acids and acid amides, may then be translo- 
cated in the reverse direction from the roots into the aerial parts of the 
plant. 

Mineral salts absorbed by the roots are mostly translocated to young 
leaves and other growing organs of the plant. All of them do not remain, 
however, in the orgam into which they are first translocated. A consider- 
able proportion of the mineral salts which move into a leaf or a flower 
petal, for example, may sooner or later move out of such a lateral organ 
back into the stem, and become redistributed to other, usually younger 
parts of the plant. 

The translocation patterns within a plant often exert significant effects 
upon its behavior. At the time that young fruits and seeds are develop- 
ing, for example, there appears to be a general migration of organic mate- 
rials from all parts of the plant toward the enlarging fruits and seeds. 
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This movement may so nearly monopolize the food resources of the plant 
as to check severely the growth of vegetative organs. In cotton plants, 
for example, there is a conspicuous decrease in vegetative growth when 
the plant is fruiting heavily. A large part of the carbohydrate synthesized 
in photosynthesis and of the nitrogenous compounds in the above ground 
organs of the plant moves into the enlarging fruits. The supply of carbo- 
hydrates reaching the root system becomes insufficient to maintain rapid 
respiration and root elongation. As a result there is a decrease in the rate 
of absorption of mineral salts, which in turn results in checking or even 
stopping the vegetative growth of the plant (Eaton and Joham, 1944). 

As the preceding discussion indicates, the patterns of translocation in 
plants are complex and may be different at different stages in the life his- 
tory of the plant. ^lany kinds of solutes are being translocated in various 
directions within the plant. Nevertheless certain predominant transloca- 
tion routes can be recognized as follows: (1) downward translocation of 
organic solutes from leaves to other parts of the plant, (2) upward trans- 
location of organic solutes to growing or storage regions, (3) upward 
translocation of mineral salts from roots to aerial organs, (4) outward 
translocation of mineral salts from leaves and other lateral organs into 
stems, (5) lateral or cross transfer of solute s wi thin stems. 

Downward Translocation of Organic Solutes. — Downward translocation 
of organic compounds unquestionably occurs for the most part through 
the phloem tissues. Much of the evidence indicating that organic solutes 
move toward the basal portions of the plant in the phloem has been ob- 
tained by ringing experiments. “Ringing,” when the term is employed 
without qualification, refers to the removal of a narrow continuous band 
of tissues external to the xylem. Since ringing entirely encircles the stem, 
all tissues external to the xylem are completely intercepted. This opera- 
tion is also called “girdling.” 

In a girdled tree carbohydrates and other organic compounds slowly 
accumulate in the tissues above the ring and slowly decrease in quantity 
in the tissues below the ring as they are utilized in respiration and assimi- 
lation. Unless special conditions intervene, such, for example, as develop- 
ment of sprouts on the tree trunk below the ring, a girdled tree ultimately 
dies because of starvation of the roots, showing clearly that no appreciable 
amounts of foods are conducted downward through the xylem. Accumula- 
tion of organic compounds above a ring has also been demonstrated in 
certain herbaceous plants such as cotton (Mason and Maskell 1928) 
Experimental results of this kind indicate that the downward transloca- 
tion of carbohydrates and other organic compounds occurs through the 
phloem tissues. 

Chemical analyses show that cells of the phloem are relatively rich in 
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carbohydrates and organic nitrogenous compounds. This finding is con- 
sistent with the concept that translocation of organic compounds occurs 
through the phloem but is not proof, since storage tissues also contain 
relatively high concentrations of foods. 

It has been shown earlier (Chap. XII) that the upward movement of 
water takes place in the xylem. For this reason it is difficult to conceive of 
the xylem as an important avenue of downward translocation of organic 
substances. Dyes injected into stems at times of rapid water movement 
usually move both upward and downward — sometimes to approximately 
equal distances. Such results have sometimes been cited as evidence of 
downward currents in the xylem. Down\vard movements of injected dyes 
probably result, liowevcr, from the effects of tension or from a subatmos- 
pheric pressure in vessels occupied only by gases (Chap. XII). They can- 
not be accepted as valid evidence that downward movements of solutes 
ordinarily occur in the xylem of intact stems. 

Further evidence that the phloem is the tissue in which organic com- 
pounds are translocated has come from experiments in which short seg- 
ments of the stem have been killed. Since the conducting elements of the 


xylem are nonliving, the passage of solutes through the xylem is not pre- 
vented bv the death of the cells in the stem. The conducting elements of 

v/ 

the phloem, on the other hand, are living, hence any phase of transloca- 
tion which is interrupted by killing the cells in a stem segment can be 
assumed to be occurring in the phloem. Rabideau and Burr (1945) labeled 
the carbohydrate formed in bean plants by allowing one leaf on the plant 
to photosynthesize in an atmosphere containing carbon dioxide made 
with the identifiable C^''' isotope (Chap. XVIII). They then showed that 
movement of carbohydrates occurred readily in the stem, both upward and 
downward, from the node at w'hich the leaf petiole was attached. If short 
segments of the stem above and below the node at which the j)ctioIe was 
attached were killed by treatment with hot wax, however, no upward or 
downward movement of carbohydrates occurred. Phosphates, containing 
radioactive phosphorus however, were readily conducted thiough 

such killed stem segments, indicating that their translocation occurre 
through the xylem (c/. later discussion of upward translocation of mineral 
salts.) Bonner (1944) and Went (1944) obtained similar results in investi- 
gations of the translocation of organic compounds through tomato stems, 
short segments of w'hich had been killed wdth superheated steam. 

Upward Translocation of Organic Solutes.— Under many conditions an 
upward ^ translocation of organic solutes takes place in plants. This oc- 

^The terms ‘^upward” and “downward” as applied to translocation 
should not be interpreted too literally. As a rule translocation in 
tion of roots to leaves or other apical regions is termed -upward translocation , 

movement in the reverse direction, “downward translocation. 
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curs, for example, in the stems of woody species when tlie buds resume 
growth in the spring. The tissues of the new shoots are constructed largely 
out of foods which move in an upward direction from the storage tissues 
of the stems, as during the early stages in their expansion the leaves do 
not photosynthesize at a rate sufficient to sujiply all the carbohydrates 
used in the growth of the shoot which bears them. Upward transh'cation 
of foods from the older leaves on a given shoot to developing leaves situ- 
ated closer to its apex also probably occurs. As the leaves mature there 
is a reversal in the direction of translocation of carbohydrates; they are 
then translocated from the leaves into the stems in which they move to 
other organs of the plant. 

A number of other examples of the upward transport of foods in plants 
can be cited. Opening flowers and developing fruits are often attached to 
stems in such a position that some or all of the organic compounds trans- 
located into them move through the stems in an upward direction. In the 
early stages of the development of seedlings, upward translocation occurs 
from the endosperm or cotyledons towanl the apical portions of the ])huit 
in which rapid growth is taking i)lace. Likewise upward transport of foods 
invariably occurs during the earlier stages of shoot growth from bulbs, 
tubers, rliizomes, and other types of underground organs. 

The “classical” view that upward translocation in plants takes ]dace 
in the xylem was long accepted as referring to mineral salts and organic 
compounds as well as to water. The conci'j^t that upward transport of 
carbohydrates occurs principally through the xylem is based largely on 
phenomena which have l)een observed in certain wood}^ sj^ecies. Large 
quantities of soluble and insoluble carbohydrates are present in the wood 
parenchyma, wood rays, and fin the younger stems) pith cells of many 
varieties of trees and shrubs. At certain seasons soluble carbohydrates are 
also found in the xylem conduits, as illustrated by data of Anderssen 
fl929, Fig. 126). As found by this investigator the concentrations of both 
sucrose and free reducing substances (probably largely hexoses) in the 
xylem sap of pear trees were highest in the winter and early spring. Both 
fell to a zero value during the summer months, and increased slowlv dur- 


ing the autumn. The sugars found in the conducting elements undoubtedly 
come from the storage tissues of the pith or xylem. The relatively high 
soluble carbohydrate content of the xylem tissues in the winter and spring 
probably results largely from shifts in the starch ^=± sugar equilibrium to- 
ward the sugar side, as a result of the relatively low temperatures pre- 
vailing during these seasons (Chap. XX). 

The fact that, in the early spring, the soluble carbohydrate content of 
the xylem sap is relatively high and by the time the shoots are well de- 
veloped has dropped to a low or zero value seems to indicate that soluble 
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Fig. 12G Seasonal variations in the carl)ohy(lrate content of the xylein sap of 

pear trees. Data of Anderssen (1929). 

carbohydrates have been conducted upward through the xylein to the 
developing buds. Although this assumption appears to be superficially 
plausible, there are good reasons for doubting if this phenomenon actual y 
is very strong evidence that upward translocation of organic solutes occurs 
in the xylem. In the first place the concentration of organic solutes in the 
xylem sap is always very low, seldom exceeding 2 or 3 per cent. Further 
more, the highest concentrations of sugar occur in the sap during the 
winter when there is little or no upward translocation of water, and 
not at all certain that these solutes do not largely disappear from the 
xylem sap in the spring before its upward flow begins to take place at an 

appreciable rate. 

Investigations by Curtis, summarized in 1935, point to a conclusion 
regarding the upward transport of organic solutes which is directly the 
opposite of the long accepted view. His experiments all seem to indicate 
that it is the phloem and not the xylem which is the principal tissue 
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through which such translocation occurs. In one investigation the con- 
trasting effects of intercepting the xylem and intercepting the phloem of 
woody stems upon upward transport of organic solutes were studied (Cur- 
tis, 1925). In these experiments a number of growing shoots were first 
defoliated. Some received no further treatment, thus serving as checks. In 
others (Fig. 127) a ring of the tissues external to the xylem was removed, 
and in still others a segment of the xylem was excised, leaving the phloem 
and cortical tissues intact. Every stem which was cut into was enclosed 
in a glass cylinder as shown in the figure. This cylinder was filled with 
water in order to keep the exposed tissue surfaces moist and in order to 
supply water to the top of the stems in which the xylem was cut. The 
outcome of experiments in which the water jacket w-as rinsed out once 



JjLved removed. (B) with xylem 

* GO ^ I each stem being enclosed in a water jacket, (C) 

sectional view of (fi). Redrawn from Curtis (1935). 
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cacli (lay with distilled water was essentially the same as in those experi- 
ments in which this was not done, indicating that translocation of solutes 
did not occur through the water. 

1 he results of some oi tliese exp(*riinents are presented in Table 39. In- 
vai’iahly tlu* slc ins in which the xylem was cut showed greater elongation 
flian th(»(‘ in which the jihloem was cut, indicating greater upward trans- 
kx'aiion'of foods in tlu‘ foimer tlian in the latter. 

Slmot elongation is a somewhat indin'ct measui'e of translocation, but 
the conclusions drawn fiom such ohs('r^’al ions w(*i’e supported in a nimiber 


TaBI.K 39 '^OM pa RA five effects of ri'TIlNG THE XVI EM OR PHLOEM ON GROWTH, DRY 
WEIGHT, AND SUGAR CONTENT OF DEFOLIATED SHOOTS (dATA OF Cl'RTlS, I925) 


o • 

1 reat- 

.Avc. 

total 

Drv 

• 

weiglif, 

1 

1 

J 

Sugar, 
per cent 

Species 

ment 

growth, 
m m . 

per cent 
' ot Ircsh 
gro\s rh 

per stem, 
mg. 

fresh 

weight 

1 

1 

1 

Check 

t, 

10. S 

0 

• 

^4 

0. I 2 

Mock Orange 

Phloem 





{Philadelphus pubescens) 

cut 

7 -« 

9 0 

o.oS 

O.OJ 

June ij-June 19 

Xylem 






cut 

49.2 

JO. H 

5 • A “ 1 

0. 22 


Check 

105-3 

13 0 

2. 10 

0094 

Mock Orange 

*^hIoem 

1 




{Philadelphus pubescens) 

cut 

19 7 

9 4 

^■63 

00 

0 

• 

0 

June 25-July I 

Xylem 






cut 

47-4 

II. 8 

4 83 

0 

Oj 

t 


Check 

63.0 

22.3 

4 - *7 

0.33 

Sumac {Rhus typhina) 
June 26-July 1 

Phloem 

cut 

Xylem 

15.8 

17.2 

305 

0.67 


cut 

49-5 

20.5 

390 

0.42 


Sugar, 
per cent 
dry 
weight 


1 . 12 


0-35 


2,0J 


0.72 


O 93 


2.08 


1 .48 

3 89 


2.05 


of experiments by dry weight determinations and analyses for sugar. As 
shown in Table 39, the dry weight and total sugar content per stem were 
invariably least in the ringed stems. This was also true for the percentage 

of sugar in terms of fresh weight or dry weight. 

The experiments of Rabideau and Burr (1945), previously discussed, 
and of Chen (1951), discussed later, supply further evidence that upward 

translocation of organic solutes occurs in the phloem. 

In general the evidence seems to warrant the conclusion that the phloem 
is the principal tissue in which upward translocation of organic solutes 
occurs, althougli it seems probable that small quantities of such com 
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pounds are, on occasion, translocated in an upward direction through the 
xylem. 

Upward Translocation of Mineral Salts. — The term “mineral salts” is 
necessarily employed in this discussion somewhat loosely. For present 
purposes, nitrogen, which may be translocated upward in either inorganic 
or organic combination (Chap. XXVI) is included among mineral salts. 
Upward translocation of sulfur and phosphorus also probal)ly occurs in 
both organic and inorganic combination. 

For many 3 '^cars it was universally agreed that upward translocation of 
mineral salts occurred through the xylem, although it now appears that 
the situation is not quite this simple. 

Studies of the sap from xylem vessels show that it usually contains at 
least traces of both organic and inorganic solutes. In proportion to the 
total quantities utilized, however, the concentration of inorganic con- 
stituents in the xylem sap is usually relatively higher than that of organic 
solutes. Furthermore, appreciable concentrations of mineral salts are com- 
monly present in the sap of vessels at seasons when upward flow of water 
is occurring at its most rapid rates. At such times the xylem sap contains 
little or no organic material in solution. Presence of dissolved mineral 
salts at such seasons is presumptive evidence that at least some of them 
are translocated upw^ard in the plant through the xylem. 

Clements and Engard (1938), Phillis and Mason (1940), and others 
have shown that ringing stems of various species does not prevent upward 
movement of mineral salts through the plant. Results of such experiments 
show that upward translocation of mineral salts can occur in the xylem. 


Curtis (see Curtis and Clark, 1950) employed the technique of inter- 
cepting the xylem versus intercepting the phloem (Fig. 127) in attempting 
to ascertain whether mineral salts moved into growing, defoliated stems of 
sumac through the xylem or through the pliloem. Relative to the quantity 
which moved through check stems, a much larger proportion of mineral 
salts or nitrogenous compounds was translocated through the stems in 
which the xylem was intercepted than through those in which the phloem 
was intercepted. Movement of mineral salts into such woody shoots can 
therefore occur in the phloem. Somewhat similar experiments performed 
by Mason and Phillis (1940) on cotton plants also led to the conclusion 

that upward translocation of nitrogenous compounds can occur in the 
phloem. 

^ Experiments on ringing often show that mineral salts can be conducted 
in t e xylem, and experiments on intercepting M'ood often show that they 
can e conducted in the phloem, but no such experiments show conclu- 
sive y which is the predominant pathway of such conduction in intact 
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Stout and Hoagland (1939) were among the first to employ the radio- 
active tracer technique in experiments designed to ascertain the path of 
upward movement of mineral salts in plants. Small plants of cotton, ger- 
anium, and willow, rooted in sand or solution cultures, were used. Certain 
branches of each plant were “stripped” by cutting longitudinal slits 9 in. 
long on opposite sides of the stem, and then carefully pulling the bark 
away from the wood, but leaving it attached at the ends. A sheet of paraf 
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Fig. 128. Diagram to illustrate technique employed in the experiment of Stout 

and Hoagland (see text). 


fined paper was then introduced between the phloem and the xylem (Fig- 
128). This treatment resulted in no visible si^s of injury to the plants 
during the course of an experiment. Radioactive ions of potassium, so- 
dium, phosphate, or bromide were introduced into the rooting medium. 
After a period of not more than a few hours, under conditions favorable 
to transpiration, distribution of the tracer ions in the stem was ascer- 
tained by measuring the quantity of radioactive elements in ashed seg- 
ments of the xylem and phloem from the stem above, below, and in the 
region where the xylem and phloem were separated with paraffined paper. 
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TABLE 40 distribution OF RADIOACTIVE POTASSIUM IN THE STEM OF WILLOW AFTER AS 

ABSORPTION PERIOD OF 5 HOl'RS 




Branch stripped 1^2 hr. 
before absorption j>eriod 

Intact branch 

! 



ppm in bark 

ppm in wood 

ppm in bark 

ppm in wood 

Above .^trip 

SA 

53 

47 

64 

56 


S6 

1 1.6 

119 




S5 

0.9 

1 122 



Stripped section 

S4 

0.7 

1 12 

87 

59 

(see Fig. 128) 

S3 

<0.3 

98 




S2 

<0.3 

108 




Si 

20 

1*3 



Below strip 

SR 

84 

58 

74 

1 

67 


As shown by tlie results from a representative one of their experiments 
(Table 40), radioactive potassium (K^-) was found to be relatively abun- 
dant in both the bark and the wood above and below the section of the 
willow stem in which the xylem and phloem had been separated by paraf- 
fined paper. Within this latter segment of the stem, however, ahno^'t all 
of the tracer element was located in the xylem. In the intact branch there 

was no such marked difference in the distribution of the radioactive 
potassium. 

Similar results M^ere obtained with the other plants used, and with each 
of the radioactive elements employed as a tracer. 

In these experiments it is obvious that mineral salts absorbed by the 
roots were transported upward at a relatively rapid rate tlirough the 
xylem. During their upward jjassage some of the mineral salts moved lat- 
erally from the xylem into the phloem, thus accounting for the relatively 
large amounts of tracer element in the phloem. When, however, the lateral 
movement of salts from xylem to phloem was intercepted by interposing 

an impermeable barrier between these two tissues, jiractically all of the 
tracer element was found in the xylem. 

These results demonstrate that upward movement of mineral salts oc- 
curs m the xylem, but the possibility of some such movement in the 
phloem also is not excluded even though it is clear that lateral movement 
from xylem to phloem takes place readily. The data in Table 40 furnish 
some evidence of upward and downward translocation in the phloem Bark 
sections SI and S6, adjacent to the unstripped portions of the stem, are 
both higher in radioactive potassium than sections S2 to S5. This can be 
accounted foi only by assuming that a slow movement of radioactive 
potassium has occurred into these sections from adjacent unstripped poi- 
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tions of the hark. Somewhat similar experiments of Gustafson (1939) also 
indicate that a limited amount of upward translocation of radioactive 
phosphate may occur through the phloem. 

There is no doubt that upward translocation of mineral salts occurs in 
the xylem, and it seems virtually certain that this is the main pathway 
along which their gcmeral upward movement from roots to leaves occurs. 


Conditions which are especially fa\'orahle to mineral salt translocation in 
the xylem include high rates of transi)iration, high concentrations of 
mineral salts in the substrate, and the j)revalence in the root cells of meta- 
bolic conditions which favor rapid movement of mineral salts from the 
absorbing cells to the xylem. 

Some upward translocation of mineral salts also occurs in the phloem 


under certain circumstances. Such movement appears to occur at rates 
that are usually slower than in the X 3 dem. As described in the next section, 
upward movement of mineral salts in the phloem of younger stems ap- 
pears to be a usual occurrence when they are "exported” from leaves into 
the stem. There are some indications that mineral elements are more likely 
to move in the phloem when in organic than when in inorganic combina- 
tion. Entrance of such elements as nitrogen, phosphorus, and sulfur into 
organic combinations in the root cells may favor their upward transloca- 
tion in the phloem. 


Outward Movement of Solutes Other Than Carbohydrates from Leaves and 
Other Lateral Organs. — As the previous discussion has indicated, move- 
ment of mineral salts to the leaves appears to occur principally, if not 
wholly, in the xylem. Not all of the mineral salts which enter a given leaf 
remain in that leaf, however, some of them being "exported” back into 
the stem, whence they are translocated to other parts of the plant. This 
is shown by the results of chemical analyses of leaves at different times 
of the day (Penston, 1935; Phillis and Mason, 1942) and also by results 
of periodic chemical analyses of leaf and stem tissues during the period 
just prior ^0 leaf abscission (Denny, 1933; Deleano, 1936). Nitrogen, phos- 
phorus, potassium, sulfur, magnesium, and chlorine may all be exported 
from leav'es in one form or another, but calcium, boron, iron, and manga- 
nese appear to be virtually immobile. Nitrogen, phosphorus, and sulfur 
probably move out of leaves at least partly in organic combination, while 
potassium, magnesium, and chlorine probably move out mostly in the 
form of inorganic ions. Translocation of mineral elements out of flower 
petals just prior to their abscission also occurs (Phillis and Mason, 1936). 
In general, those mineral elements which are readily redistributed in 
plants (Chap. XXV) are the ones which are the most readily exported 
from leaves. 

The earlier evidence of the export of substances other than carbohy- 
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(iratos from leaves and other lateral organs has been augmented and 
strengthened by more recent studies in which radioactive elements have 
been used. To study this phenomenon l>y means of tracer elements it is 
necessary to apply the tagged ions directly to the leaf tissues rather than 
to let them enter the plant in the usual way through the root system. The 
manner in which the radioactive elements are intro<iuced into tlie leaf 
tissues ma}’’ determine the cliannel througli whicli tliey jiass in moving 
from the leaf to the stem. If the solution containing the tagged compound 
is brought into contact with the ojicn ends of se^'CTcd xylem vessels it may 
be drawn rapidly into the stem by way of the xylem. This is particularly 
likely to happen if an internal water deficit exists in the leaf at the time 
the solution is applied. On the other hand, when the marked ions are al- 
lowed to reach the vascular system by cell-to-cell transfer in the meso- 
phyll, the result obtained is veiy different. 

Colwell (1942) found that radioactive phosphorus introduced as 

phosphate into intact leaves of squash plants under suitable conditions, 
moved out of such leaves into the stem readily but did not move out of 
similar leaves if the petioles had first been scalded. This is evidence that 
outward movement of the phosphorus-containing compounds occurred in 
the phloem. 

Biddulph and Markle (1944) introduced radioactive phosphorus as 
phosphate into the leaves of cotton plants in such a way as to insure that 
the tagged ions would move into the phloem tissue of the leaf. The xylem 
and phloem of the stem were separated by a membrane of waxed paper 
in a segment extending for 4 in. immediately below the point of leaf 
attachment. The phosphate ions were allowed to migrate through the tis- 
sues of the leaf and stem for from 1 to 3 hr. before their distribution in 
the stem was determined. Examination of the treated portion ,of the stem 
revealed that almost all of the radioactive phosphate was located in the 
bark. The phosphate had moved both up and down after reaching the 
stem, but only traces of the tagged element were found in the xylem where 
it was separated from the phloem by the waxed paper. It is evident from 
these results that the phosphate was translocated out of the leaf and longi- 
tudinally within the stem almost entirely in the tissues of the phloem. 

When the radioactive phosphate was applied to leaves of plants with 
intact stems, the marked ions were found in both the xylem and the 
phloem of the stem and both above and below the point of leaf attach- 
ment. Again, much more of the radioactive element was present in 

the bark than in the wood which suggests that the tracer ions reached 
the latter by lateral diffusion from the phloem. 

Studies of the outward movement of radioactive phosphate from the 
leaves of bean plants indicated that more such movement occurred during 
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the daytime than at night (Biddulph, 1941). The direction of the move- 
ment of phosphate was principally downward, under the conditions of 
these experiments, hut some lateral diffusion of the radioactive ions into 

place with a consequent upward movement in the transpi- 
ration stream. Other evidence shows quite clearly that a diurnal alterna- 
tion between a movement of mineral salts into leaves and a movement 
out of the leaves is of frequent occurrence. Phillis and Mason (1942) 
have shown by chemical analyses that the magnesium, potassium, chlo- 
rine, jdiosphorus, and nitrogen content of cotton leaves regularly increases 
during tiie daylight hours, and decreases at night. 

Th(‘ general picture of the movements of mineral salts in plants seems 
to be about as follows. After entering the roots from the soil most of the 
mineral salts move across the cells of the young roots to the xylem ducts 
in which they are carried ujnvard into the leaves. Some of the molecules 
of which these elements are a part or of which they become a part as a 
result of chemical transformations in the leaf do not become immobilized 
in the leaves but move out of them via the phloem. Once in the stem such 
solutes move both upward and downward in the phloem, entering other 
leaves, and probably also reaching the apical growing regions of roots and 
stems. Some of the mineral compounds in the phloem also migrate lat- 
erally and enter the transpiration stream in which they are transported 
upward at a usually rapid rate. In a sense, therefore, we may speak of a 
“circulation” of mineral compounds within the various organs of a plant. 

Lateral Translocation of Solutes.- — As shown in Chap. XTT, lateral trans- 
location of water in a tangential direction readilj’’ occurs in woody stems. 
This does not appear to be true of many solutes. In straight-grained trees 
the sugars from the leaves on one side of the tree are translocated to the 
roots directly below them and, if nitrates are added to the soil on one side 
of a tree, increase in nitrogen occurs principally in the leaves and branches 
above the roots on that side (Auchter, 1923). A similar lack of lateral 
translocation of solutes has been shown in certain species of herbaceous 
plants (Caldwell, 1930; McMurtrey, 1937). On the other hand, radial 
transfer of solutes from xylem to phloem or vice versa appears to occur 
readily. Some of the radial movement of solutes probably occurs along the 
vascular rays. 

In perennial woody plants, however, there is evidence that reorienta- 
tion of conductive tissues may occur in such a way as to offset the effects 
of a lack of lateral translocation of solutes (MacDaniels and Curtis, 
1930). If all branches on one side of a tree are removed or destroyed, for 
example, the effect of diminishing growth of trunk and roots on that side 
usually does not persist for more than one year. Subsequently developed 
conductive tissues are usually oriented in such a fashion as to permit 
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translocation to the trunk and roots on the side of the tree which no longer 
hears branches. 

Mechanism of Translocation of Solutes in the Xylem. — Dissolved mineral 
salts and organic solutes, wIhmi jjresent, are carried along with the ascend- 
ing streams of water in the xylem ducts which are pulle<l up through the 
plant according to the mechanism whicli has already l)een discussed in 
Chap. XII. During upward translocation some of tlie solutes are lost by 
lateral movement into living cells of the stem adjacent to the xylem con- 
duits. In the leaves the solutes of the xylem vessels migrate into the living 
cells of the mesoj^hyll. The rates at which solutes are translocated upward 
through the xylem of the stem will correspond with the rates of transloca- 
tion of water. 

Basic Considerations Regarding Mechanism of Translocation of Solutes 
in the Phloem. — Although several theories have been advanced to account 
for the mechanism of the movement of solutes in phloem tissues, no one 
theory has ever received general acceptance. As a background for con- 
sidering the principal theories that have been proposed, it will be helpful 
to review briefly some of the pertinent facts regarding the problem of 
movement of solutes in the phloem. 

1. Living Cells Are Essential . — Unlike movements of water and solutes 
in the xylem, translocation in the conducting elements of the phloem 

ceases when the cells are killed. Evidence for this fact is presented earlier 
in the discussion. 

2. The Movement May Be Bidirectional . — There is no doubt that 
movement of solutes in the phloem can sometimes occur in one direction 
and sometimes in the other. The question of whether or not simultaneous 
bidirectional movement can occur through the same region of phloem has 
an important hearing on concepts of the mechanism. Experiments already 
discussed show that both carbohydrates (Rabideau and Burr, 1945) and 
phosphates (Biddulph and Markle, 1944) move both up and down in the 
phloem of a stem from the point at which they enter it from the petiole of 

a leaf. This phenomenon does not, however, involve bidirectional move- 
ment through the same phloem at the same time. 

Indications that two different kinds of solutes— sugar and the dye fluro- 
rescein-c-ould move simultaneously through the same phloem region in 
opposite directions were obtained by Palmquist (1938), Simultaneous 
movement of phosphate and carbohydrate, labeled with radioactive phos- 
pliorus (P- ) and radioactive carbon (C^U respectively, in opposite direc- 
tions through the phloem tissue of geranium stems has been shown to 
occur, at least over short distances and at relatively slow rates (Chen, 
195 ). It was further shown that phosphate could move up in the phloem 
while carbohydrate was moving down in the same phloem, and vice ver.a. 
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Although there is thus evidence that simultaneous bidirectional move- 
ment of solutes through a given region of the phloem many take place, 
no experiments have ever been devised which would show whether or 
not such bidirectional movement can occur through individual sieve 
tubes. 

3. Relatively Large Aviounts of Material Are Transported. — The 
amount of carbohydrate translocated through the phloem into such or- 
gans as fleshy roots, tubers, or fruits is almost incredibly great when 
considered in relation to the cross-sectional area of the conducting ele- 
ments of the phloem. 

For example, Crafts and Lorenz (1944a) calculated the gain in fresh 
weight of pumpkin fruits (Connecticut Field variety) to be about 5590 
g. in a 33-day growing period. A large proportion of this increase repre- 
sents water. However, when the average hourly increase in dry weight of 
the fruits was calculatcfl, a value of 0.61 g. was obtained. On the average, 
therefore, something more than half a gram of organic matter was de- 
livered to each fruit during each hour of the 33-day growing period. All 
sucli material entered the developing fruit through the one slender stem 
connecting it with the vine. 

Similar calculations have been made for the developing fruits of the 
sausage tree {Kigelia africana) by Clements (1940). These fruits com- 
monly develop as clusters of four, all hanging from the tree on one slender 
gfcem. As much as 32.6 g. of organic material (Table 41) must pass through 
this one slender stem per day in order to account for the measured gain 
in dry weight of one such cluster of fruits. 


TADLE 41 — INCREASE IN GREEN AND DRY WEIGHTS OF ONE CLUSTER OF FOUR Kt^elta FRUITS 

(data OF CLEMENTS, I940) 


Date, 1939 


June 18. . 
June 25. . 
July 2. . 
July 9.. 
July IS-. 
July 21. . 
July 29. . 
August 9 
August 20 
August 29 
*S«pt. 10 


Total green 
weights of 
fruits in g. 


692 

2207 

4267 

6073 

7305 

8086 

8541 

8648 

8716 

8824 

8771 


Per cent 
dry matter 


11.9 

11.9 

II. 5 

11.3 

11.3 

11.3 

12. 1 

14.1 
iS-4 

17.4 

18.7 


Total dry 
weight of 
fruits in g. 

82.3 

262.8 

490.7 
686.3 
825.6 

913.8 
> 033*5 

1219.3 

1342.3 

> 535-5 

1640.3 


Increase 
in dry 
weight g. 


82.3 

180.5 

227.9 

195.6 

>39.3 

88.2 

119.7 

185.8 
123.0 

> 93-2 

104.8 


Daily 

increase in 
dry weight g 


9.1 

25.8 
32.6 

27.9 

23.2 
> 4-7 

14.9 

16.9 

11. 2 

21.S 

8.7 


• Growth nearly completed on this date. 
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4. Velocity of Movement Is Rapid . — The velocities with which organic 
solutes must move through sieve tubes in order to account for a gain in 
dry weight of 0.61 g. per day (average! by a pumpkin fruit have been 
calculated by Crafts and Lorenz (1944a). The refjuired rate would be 
about 11 cm. per hr. if the organic compounds move in the dry state (an 
obviously hypothetical assumption), a!)Out 55 cm. ]H‘r hr. if they move as 
a 20 per cent solution, and about 110 cm. per hr. if they move as a 10 per 
cent solution. These calculations assume that transport occurs in the 
entire lumen of the sieve tubes. Since the cytoplasm of mature sieve tubes 
is essentially restricted to a thin layer lining the inner surface of the cell 
walls, if it is assumed that organic solutes are restricted in their move- 
ment to the cytoplasm, then the rate of solute movement would be of the 
order of 500 to 1000 cm. per hr. It should be noted that all these calcula- 
tions are based on average and not on maximum rates of gain in dry 
weight. 

Evidence from other sources also indicates relatively rai)id rates of 
movement of solutes in the phloem. Biddulph and Markle (1944) found 
the rate of downward movement of radioactive phosphate in the phloem 
to be in excess of 21 cm. per hr. According to Huber (1941) the rates of 
downward translocation in the phloem of broad-leaved forest trees may 
range up to at least 100 cm. per hr. 

5. Periodicity of Movement . — The movements of organic and inorganic 
solutes in the phloem do not appear to occur at a constant rate both day 
and night. The more rapid translocation of radioactive phosphate from 
leaves of bean plants during the day than during the night has already 
been discussed. Diurnal variations in the rate of movement of organic 
solutes also occur in plants and do not follow the same pattern in all 
species. Most of the carbohydrates which enter growing cotton bolls ap- 
pear to move into them during the daytime rather than at night (Mason 
and Maskell, 1928) . The rate of translocation of carbohydrates into date 
fruits in their preripe stage of development, on the other hand, appears 
to be more rapid at night than in the daytime (Curtis, 1947) 

The Moss Flow Hypothesis.— This theory of translocation has been ad- 
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vocated by Munch (1927, 1930) and in modified forms also by Crafts 
(1933, 1938) and others. The principles involved in this hypothesis can 
most easily be clarified by reference to a simple physical system (Fig. 
129). 

As shown in this figure two membranes permeable only to water, both 
dipping in water, arc connected by a tube to form a closed system. Mem- 
brane A' is assumed to enclose a stronger 



Fiti. 130. Diagnini to illustrate 
mechanism of solute translocation 
according to the Miinch h> pothe- 
sis. Redrawn from Crafts (1931). 


solution of sucrose than membrane 1'. 
\A'ater will at first enter both mem- 
branes, but the greater turgor pressure 
developed in A" will soon be transmitted 
throughout the system. This will result 
in a greater diffusion pressure in the 
water in Y than in the pure water in 
which the membranes arc immersed. 
AVater will therefore pass out of the 
membrane Y, and coincidentally there 
will be a flow of solution along the tube 
from A" to Y. The mass movement of 
solution from A" to Y will continue until 
the concentrations of the sugar solu- 
tions in both membranes are equal. At 
this point the flow of solution in the 
tube will stop and a djmamic equilib- 
rium will be established between the 
solution in the closed system and the 
circumambient water. 

If such an apparatus could be set up 
so that the sugar could be utilized or 
be converted into an insoluble form as 


fast as it was translocated into F, and so that additional sugar could pass 
into solution in A' as rapiflly as it moved out of that membrane, flow of 


solution from X to F would continue indefinitely. 

The Miinch hypothesis assumes that a system analogous to that just 
described accounts for translocation of solutes through the phloem. Fig- 
130 (from Crafts, 1931) illustrates diagrammatically how' it is supposed 
to operate as applied to the downward translocation of solutes. Cells hyy 
Lo, and represent the green cells of the leaf and correspond to mem- 
brane .V in Fig. 129. Similarly R 2 , R^ represent root cells which arc 
analogous to mem!)rane F in Fig. 129. The continuous system of phloem 
connecting leaf and root cells is represented by P. Similarly X represents 
the xylem and C ttie cambium. The osmotic pressure of the leaf cells is 
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maintained at a relatively liigh value as a result of |»liotosyntliesis. In the 
root cells the osmotic i)ressure is (usually I lower because most of the 
sugars translocated into them are used in metabolic activities or are con- 
verted into insoluble storage forms. Water is supjtlied continuously to the 
leaf cells through the xylem. 

This hypothesis assumes that the higher tuigor i)res>ure of the leaf 
cells will cause a mass flow of solution downward in the j)hlocm toward 
the roots. Plasmodcsms connecting adjacent cells aie supposed to ])ermit 
mass movement of solution from leal cell to leaf cell, and from leaf cells 
into the plilociu elements. Movement from one sieve tube to another is 
supposed to be facilitated !)y the cytoplasmic strands in the communicat- 
ing pores. Some of the solute molecules may be lost to the canil)iuin and 
other living cells of the stt-m, but it is assumed that tlie greatei' jiioportion 
of them are translocated to the roots. The water component of the doun- 
ward moving solution is supposed to be exude<I back into the xylem from 
the cambium or other recei\'ing cells. 

If it is assumed that the entire phloem is acting as a unit system, this 
theory will account for translocation through the phloem in only one 
direction at a time. Transport might occur at times in one direction and 
at times in the other. Flow will occur from the end at which the turgor 
pressure is highest toward the other. In the sjuing, for example, if it is 
postulated that the turgor pressure of the supplying cells in the stem or 
root is gi eater than that of the growing stem tips, upward flow would 
usually occur. Later in the season, as the turgor pressure of the leaf cells 
increases, a reversal in the direction of flow would bo expected. It is also 
possible, in terms of this theory, to conceive of diurnal variations in the 
rate of flow, and even of diurnal reversals in the direction of flow. 

In favor of this hypothesis arc the facts that it is based upon sound 

imysical principles and that the structure and properties of mature sieve 

c crnents seem better adapted to the operation of such a mechanism than 
to otlK^is that nave been proposed. 

Almost the only tangible evidence in sup|.ort of a mass-flow meehanism, 
lowevcr, is that sap, usually with an apprcciahle sugar content, will often 
exu.le from a cut made into the phloem of a stem. This has been shown to 
occur both from many woody (Miincli, 1930; Dixon, 1933; Huber 1941) 
and many hcAaeeous stems (Crafts, 1936, 1939a) . The latter investigator 

frL?sT^ ^ exudation of phloem sap occurs- 

o stems o squash for penods of at least 24 hr. Because the exudate 

L naiLaW 1 r '>^"Sging the phloem, the flow 

occur r. m )''^ ^ ^ intervals. Exudation 

var^ nJ fro f ^ (Crafts, 1939b) and takes place at rates 

ry ng from 0.01 to 0.1 cc. per minute. These observations suggest the 
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occiiTronco of a iiia^s flow under pressure in the phloem elements of intact 
stems. Some investigators have considered such exudations to be abnormal 
flows resulting from cutting open the phloem system, but it seems difficult 
to ajiply this interpretation to some of Crafts’ results. In one of his ex- 
periments the sap exuded in 24 hr. was equivalent to the total phloem 
volume in 189.9 cm. of stem. Furthermore, ])hloem exudation still occurred 
in stems which were distinctly wilted, indicating it to be unlikely that the 
flow of sap from the phloem could result from pressure exerted by adja- 
cent cells as has sometimes been suggested. Such a flow of exudate, repre- 
senting sieve-tube contents of many centimeters of a stcan, indicates that 
the sieve elements must be permeable to the constituents of the exudate. 

The exudate from phloem is, however, often chemically unlike the con- 
tents of the storage tissues into which transport is occurring. The pro- 
portion of nitrogenous compounds in the phloem exudate of cucurbit 
stems, for example, is much higher than the j^roportion of nitrogenous 
compounds in the fruits of the same |>lant (C'rafts and Lorenz, 1944b). A 
possible explanation of this discrepancy is that the ai)normally high rates 
of flow which occur through sieve tubes wlien the phloem is cut into may 
result in tearing free certain loosely held nitrogenous compounds which 
are jiresent in sie\e elements as a result of the maturation process (Crafts, 


1951). 

Bennett (1940) and others have shown that translocation of certain 
\'iruscs through the phloem is closely correlated with the translocation of 
foods. Translocation of certain chemicals such as 2,4-D (dichlorophenoxy- 


acetic acid) which exert hormone-like effects on plants (Chap. XXVIII) 
also seems to be closely correlated with the movement of foods (Mitchell 
and Brown, 1946; Weintrauh and Brown, 1950). This also appears to be 
true of certain vitamins (Chap. XXVITTi and “florigen” (Chap. XXXTD- 


Although these facts have been cited as supporting the concept that a mass 
flow' of solution occurs through the sieve elements, they are actually 


amenable to alternative and of|ually plausible interpretations. 

There are a number of serious objections to the mass-flow hypothesis. 
(1) Resistance to a mass flow of solution through the end walls and cyto- 
plasmic strands of the numerous sieve plates would undoubtedly be very 
great, and there is considerable doubt if turgor pressures of sufficient 
magnitude can develop to cause a mass flow over the distances whic 
solutes are translocated in many plants. (2) This hypothesis requires tia 
the supplying cells have a higher turgor pressure than the receiving cells. 
Measurements by some investigators (Curtis and Scofield, 1933; Tingley, 
1944) indicate that this is not aly^ays true, and movement of solutes in 
the phloem appears to occur in the direction opposite to that required by 
the hypothesis. For various reasons that cannot discussed in detail, 
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measurements of the eoneentrations or osmcRic pressures of difTerent tis- 
sues may not accurately reliect the conditions alTeetiiig movement of 
solutes which prevail in those tissues. Hence tliere is some uncertainty 
as to just how serious an argument against the mass flow theor>^ these 
findings are. (3) The mass-flow hypothesis accounts for the translocation 
through phloem in only one direction at a time, although there is some 
evidence that movement of solutes in phloem may take place l)oth upward 
anil downward simultaneously. (4) The calculated rates of mo\'cmeut of 
a solution through the phloem, discussed earlier, seem too great to be 
accounted for by such a mechanism. (5) The retarding effects of low 
temperatures and oxygen deficiency on translocation, discussed later, sug- 
gest an active partieipation of the cytoplasm in the transport of solutes, 
whereas the mass flow theory relegates the cytoplasm of the sieve elements 
to a relatively passive role. Proponents of the mass-flow theory, however, 
consider that the retarding effects of these conditions upon solute trans- 
location may result from a lowering effect which they exert on the perme- 
ability of the cytoplasm. 


The Streaming of Protoplasm Theory. — Do Vries (1885) and other nine- 

. investigators postulated that streaming of the protoplasm 
in the cells of the phloem might explain the relatively rajud rate of trans- 
port of solutes. More recently this theory has been supported by Curtis 
(1935). The basic assumption is that rotational stri^aming of the proto- 
plasm occurs in the sieve-tube elements, and that solute molecules, caught 
in the protoplasmic matrix, arc carried by (his protoplasmic movement 
from one end of the element to the other. The molecules are usually as- 
sumed .to pas^froiiL-oni^idiivo^jjjlwi-ckmiaiLtp the next by diffusion^ pre- 
sumably largely tlmmghJhiLeylopI.a.smic strandsTn tb^e^ieve plates. Dif- 
fusion over short distances can occur very rapidly even if the molecules 
are moving along a gradient which is not very steep. Some advocates of 
this theory have been i^ostulated that streaming protoplasm may be con- 
tinuous from sieve-tube clement to sieve-tube element through the com- 
municating pores. This theory would account for simultaneous movement 
of solutes m both upward and downward directions in the same sieve tube. 

About the only positive evidence which can be cited in favor of this 
theory is that solute translocation through phloem is checked by condi- 
tions which are known to retard or inhibit protoplasmic streaming. Ex- 
posure of stems or petioles to temperatures of IS'^C. or lower has been 
found by several investigators (Curtis and Herty, 1936; Hewitt and Cur- 
tis, 1948; Swanson and Bohning, 1951) to retard the rate of translocation 

compared with their rate of translocation at 20°- 
• xygen deficiency in stem tissues has also been shown to retard 
translocation through them (Curtis, 1929; Mason and Phillis, 1936). 
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Shortage of oxygen would rarely he a factor influencing translocation of 
solutes througn aerial organs of plants under natural conditions. Defi- 
ciency 01 oxygen in soils is not uncommon, however, and translocation of 
solutes through roots and underground stems is probably affected when 
such a condition obtains. 

The eftects of low temperatures and oxygen deficiency on solute trans- 
location arc consistent with the protojdasmic streaming theory but are 
not proof of its validity. Most metabolic activities of cells arc retarded by 
exposure to sucli conditions, and the mechanism whereby they influence 
solute translocation may be a very different one from that envisaged by 
the streaming of i)rotoplasm theory. 

A serious argument against the |>rotoplasmic streaming theory is that, 
although streaming of cytoplasm is usual in young sieve elements, many 
careful studies have failed to reveal its occurrence in mature elements. 

I nless it is assunu'd that most translocation in the phloem takes place 
in young elements, a postulation which ignores much anatomical and 
cytological evidence to tlic contrary, ('xistence of the very mechanism 
upon which this theory is ju'cdicated seems improbable. 

Another weakness of the ])rotoplasmic streaming theory is the inade- 
quacy' of known rates of streaming to account for known rates of solute 
transter through the phloem. A'isible streaming of the larger granules in 
tiic cytoplasm occurs at rates up to about 15 cm. per hr. at temperatures 
of 20°-2r)°C\, and the smaller granules appear to move several times 
faster tlian this, (’alculations indicate, however, that these rates are in- 
adequate by a consirlerable factor to account for the rates at which solutes 
sometimes move through ])hlocm. AA’hile it seems impossible, therefore, 
that protoplasmic streaming in the usual sense of the word could account 
for known rates of solute transport, the possibility remains that streaming 
of cytoplasmic films or layers which are l)elow the usual range of micro- 
scopic visibility might occur at rates which are sufficient to account for 
known rates of solute translocation. 

Activated Diffusion Hypothesis. — This theory, first suggested by Mason 
and Phillis (1936) postulates that the protoplasm of the sieve elements is 
in some manner capable of hastening the rliffusion of solutes either by 
‘^activating” the diffusing molecules, or by decreasing the resistance of 
the protoplasm to their diffusion. Beyond the fact that either of these 
modes of activation would require respiratory energy, no clear picture of 
how such a mechanism could work has been presented. 

Polar Translocation. — As discussed in the next chapter, movement ot 
auxins (one kind of plant hormone) through certain tissues is a polar 
phenomenon, i.e., occurs in only one direction. Polar translocation seems 
not to be confined to the auxins, but is evident at certain stages in the 
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translocation of carbohydrates in at least some kinds of plants. Leonard 
(1939) showed that sugars would move out of the blades of mature leaves 
of sugar beet in the dark into the petiole until the blade was depleted 
This occurred in both attached and detached leaves. Reverse movement 
from the petiole into a mature blade already depleted of sugars would 
not occur; i.c., the movement was unidirectional or polar. Such polar 
movement did not occur in young lea^■es or in etiolated leaves. Tlie polar 
movement was believed by this investigator to be localized in leaf paren- 
chyma cells bordering sieve tubes. Further i)olai' movement of sucrose 
apparently occurs in the roots of the sugar beet. Api)arently the storage 
parenchyma cells of the root can accumulate sucrose relative to its con- 
centration in the above ground parts. Loomis (1945) presents evidence for 
similar polar movements of sucrose through certain tissues of corn. The 
facts of polar movement of solutes must be taken into account in formu- 
lating any adequate exi)lanation of the overall mechanism of solute 
translocation in plants. 
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DISCUSSION QUESTIONS 


1. Why does a tree which has been ringed to the xylem die eventually, but 

not immediately? r ^ ♦ 

2. Occasionally a tree which has been ringed to the xylem has been found to 

live for many j'ears after ringing. What are some possible explanations? 

3. When a tree is ringed to the xylem, buds below the ring often begin to 

develop almost immediately. What arc some possible explanations? 

4. How would you determine from how far back in the stem system of a ree 
the food used bj' terminal buds in their spring development comes? 

5. How would you demonstrate whether the translocation of foods away rom 

the leaves occurs more rapidly in the daytime or at night? • • j 

6. Why does ringing a stem to the xj’lem, no matter how carefully it is done, 

usually result in a decrease in the rate of transpiration from leaves attactied 


above the ring? ... i nv 

7. Measurements of the rate of apparent photosynthesis m a given plant oy 

the dry weight method showed it to be 1.5 g. hexose per meter^ per hr ; meas- 
urements by the carbon dioxide utilization method during the same period showed 
it to be 1.8 g. hexose per meter2 per hr. Assuming that the methods are equal y 
accurate, what was the rate of tran.docation of hexose out of the leaves . 

8. Pioneers in certain middle western states made it a rule to ring trees wmen 
they wished to kill about August 1. Is there any scientihc justification tor tni 


j 


9. Measurements sometimes show that the nitrogen content of 
pressed as a percentage of their fresh weight, is greater in the 
night. Docs this necessarily indicate that nitrogen compounds are ra s 

out of the leaves at night? Explain. have 

10. Cut stumps of certain species of tree on which there are no sprou 

sometimes been found to remain alive for years. What are some possi > 


nations? 
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PLANT HORMONES 


Among the substances which markcfby influence the reactions and 
metabolism of plants are those internally synthesizetl coinpouncb called 
horynones. In general, the term “hormone” is used to designate ceitain 
organic compounds which exert im[)ortant regulatory effects upon the 
metabolism of an organism when present in only minute quantities. In 
the animal body it is generally considered that a further characteristic of 
a hormone is that it exerts its effects at a site remote from the locus of its 
synthesis. Adrenalin, for example, secreted in higher animals by the 
adrenal gland, has pronounced effects upon the heart and vascular sys- 
tem. ^lany, but not all, plant hormones similarly exert their effects in 
cells at some distance from those in which they arc synthesized, after 
translocation from the latter to the former. Included among the plant 
hormones are certain substances usually classified as vitamins in con- 
siderations of animal physiology. In the higher plants those vitamins 
which are essential exhibit essentially the same general type of behavior 
as hormones and may be regarded as falling into the same general cate- 
gory of substances. 

In addition to the naturally occurring hormones in plants, a number 
of organic compounds are known which, when introduced into plants in 
relatively small quantities, induce effects which are similar to, and often 
apparently identical with, those induced by naturally occurring hormones. 
By an extension of the original concept, such substances are also often 
called plant hormones, although the more rigorous definition of the term 
would restrict it to naturally occurring compounds. 

Other terms comtnonly used to designate plant hormones are phijto- 
horynones, growth hormones, growth substances, and growth regydators 
(a term which includes both growth activators and growth inhibitors) 
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Relation of Auxins to Growth of the Oat Coleoptile. — The auxins have 
been the most comprehensively investigated group of plant hormones. 




scufe/Zum 

(cotyfedon) 


co/eop ttle 
pr/mori^ /caves 
S tem tip 


pnmorij root 


~~ coieorhizo 



coleoptile 

primoti^ 

leaves 


coleorhiza 
pnmanj root 


B 


A 




-A. 


A 


Fio. ISl. Oats (Ai'cnn satircO. (.ll boriKitudinai section iIiioukIi grain, 
ing location of ciobryo. (B) Longitudinal section through embryo (D Ear> 
stage in germination, sliowing emergence of coleoptile. Itedrawn with inodinca- 

tions from Avery (lO.SOI. 

Their action was first clearly demonstrated in the leaf sheath or coleoptile 
of the oat plant {Avena safiva). This is a tubular, leaf-like structure, 

closed at the top, which is the first 
I)art of the plant to emerge from the 
soil (Fig. 131). Similar coleoptiles de- 
velop during early seedling growth of 
other members of the grass family* 
The coleoptile encloses the initial leaf 
and is eventually pierced at the tip as 
a result of the growth of this leaf, soon 
after which all growth in length of the 
coleoptile ceases. Oat coleoptiles are 
approximately 1.5 mm. in diameter, 
and when illuminated seldom attain 
lengths of more than 2 cm. In the dark 
they may attain heights ranging up 
to 6 cm. Cell divisions cease relatively 
early in the life history of an oat 
coleoptile, and during approximately 

the last three-fourths of its growth period all increase in its length results 
from cell elongation (Avery and Burkholder, 1936). 
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Fig. 132. Effect of removal of tip 
on elongation of oat coleoptile. (A) 
Check, {B) tip severed and re- 
placed, (C) tip removed. The effects 
of the treatments are shown by 
differences in increase in length of 
coleoptiles at right. 
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If the tip of a colcoptilc' is removed by a clean cut matle several milli- 
meters below the apex, the rate of elongation of the stump is immediately 
retarded (Soding, 1925). If, however, the cut-olY tip of the coleoptile or 
a similar tip from another coleoptile is affixed on the stum|.. its elongation 
will be resumed, and may nearly regain the original rate d ig. 132) . Ite- 
tipping the coleoptile with a short segment cut out of another coleoiitilc 
somewhat below the apex results in little or no increase in (dongation rate. 
Such experiments indicate that the elongation of a coleoptile, which occurs 
in the more basal regions, is maintained only under the influence of some 
sort of a “stimulus” originating in the tip, whence it is transmitted basi- 

petally (apex to base) through the coleoptile. 

Went (1928, 1935) placed the cut-ufT tips of oat coleoptdes on a thin 

layer of 3 per cent agar and after 1 hr. removed them and sliced the agar 
into a numlicr of equal-sized small blocks (Fig. 133). If one of these 
blocks was placed upon the. stump of a detipped coleoptile, the rate of 
elongation was accelerated iust as if the stump had been capped with a 


ABC 

Fig. 133. Diagram illustrating stages in the collection of auxin in agar from 

coleoptile tips. 

fresh coleoptile tip. On the other hand, retipping a coleo[)tile with a block 
of pure agar had no appreciable accelerating effect on elongation. It seems 
evident from these results that some substance or substances were trans- 
ported out of the cut-off tip into the agar block, and subsequently out of 
the block into the coleoptile stump, whence tliey were translocated down- 
ward to the elongating region of the coleoptile (Fig. 134). The substances 
w^hich induce such a reaction now- are classed as auxins. 

Many other plant organs such as steins, petioles, flow'erstalks, and 
coleoptiles of other species behave similarly upon removal of the apical 
region. Elongation is stopped or retarded by such a treatment but wdll be 
resumed if the excised apex of the organ is carefully relocated on the cut 
surface of the stump. 

Biological Tests for Auxins. — Auxins arc known to be of widespread 
distribution in plants. They occur in such small quantities, how^ever, that 
detection of their presence in an organic material by chemical methods 
is usually impossible. Recourse is had, therefore, to sensitive biological 
tests in order to demonstrate the presence of these substances. Several 
such tests have been used rather widely. 
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Tlic oat coleoptile test has been the most extensively employed method 
of determining the relative quantities of auxins present in plant tissues 

or other materials. If an agar 
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block containing auxin from one 
source or another is affixed one- 
sidetlly on a detipped oat coleop- 
tiie. elongation is found to be 
more rapi<l on the side of the 
coleoptile below the ])ortion of 
the ti]) on which the block is 
perclierl, resulting in curvature 
of the cole()])tile (Fig. 135). 
Translocation of the hormone is 
almost strictly longitudinal, the 
elongating cells on the side of 
the coleoptile under the block 
receiving much more auxin than 
cells on the oi)posite side, with 
a corresi^onding differential ef- 
fect on gro\\tIi. \\'hen the block 
is centered on the coleoptile stump, as in tiie experiment described in the 
preceding section, all sides of the coleoptile leceive approximately ccpial 
quantities of auxin, and growth proceeds in a vertical direction. 

Furthermore, it has been found that the curvature resulting from the 
eccentric attachment of agar blocks to detipped oat coleoptilcs is i)ropor- 
tional, within the range of about 0 to 20 degree's, to the concentration of 


Fk;. 134. Effect ef a"ar hUick.- contain- 
ing auxin on elongation of oat colc()])til('s. 
(.4) Check, (B) block containing aiixui 
placed on decajiitated tip, {('') block of 
pure agar placed on dc(*ai)ifatc(l tip. The 
cth'cts of the treatments arc* .'^hown hy 
relative increases in length of coleojitiles 

at right . 



Fig. 135. Diagram of method of determining auxin content of agar block quan- 
titatively. (A) Intact coleoptile enclosing primary leaf, (B) tip of coleoi)tile 
removed, (C) primary leaf pulled loose so its elongation will not dislocate agar 
t)lock, (D) tip of primary leaf cut off, (E) agar block atFixed unilaterally to 
coleoptile tip, (F) curvattire resulting from movement of auxin into side ot 

coleoptile below agar block. Redrawn from Went (1935). 
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the auxin in the agar block. It is this jiroportionality between hormone 
concentration and cur\'ature that makes possible the use of oat coleoptiles 
as living test objects in the quantitative estimation of the auxin content 
of plant tissues or other materials (Went, 1928). 

Quantitative measurements of auxins by the oat coleoptile technique 
must be carried out under carefully standardized conditions. The oat 
seedlings (usually from a genetically unifomi variety) are grown in a 
dark room at a temperature of 25®C. and a relative humidity of 90 per 
cent. All manipulations are performed under phototropically inactive 
orange or red light (Chap. XXXVI). The coleoptiles are used when about 
2.5 to 4 cm. in length. The extreme tip of the coleoi)tile is first cut off, and 
after 3 hr. the topmost 4 mm. of the stump is removed. For reasons which 
cannot be considered in a brief discussion, the coleoptiles are more sensi- 
tive when this method of double decapitation is employed than when the 
tip is cut off in one operation. The primaiy leaf, which is enclosed by the 
coleoptile, is then pulled loose so it will not interfere with the determina- 
tion by its continued growth. If guttation water exudes at the cut surface 
it is carefully’' blotted off. An agar block (2x2x1 mm. is a commonly 
used size), containing the substance to be tested, is then affixed unilater- 
ally to the cut tip. After a standard length of time (usually 90 min.) , the 
resulting degree of curvature of the coleoptile is determined. The greater 
+he degree of curv'ature, within limits, the greater the hormone concentra- 
tion in the agar block. 

Various methods of applying the material to be tested for auxins to 
detipped coleoptiles have been employed. Sometimes small plant organs 
or pieces of plant organs are affixed directly to the cut surface of the 
coleoptile. More commonly plant tissues are placed in contact with 3 per 
cent agar into wffiich the hormone will move. The tissue is generally left 
in contact with the agar for about 2 hr. The agar is then cut into blocks 
of standard size each of which is then affixed unilaterally to a detipped 
coleoptile. The effects of pure chemicals or extracts can be tested by first 
dispersing them in agar, and then, after solidification, determining the 
influence of standard sized blocks of this agar on curvature of the coleop- 
tiles. Or agar blocks can be soaked in a solution of the substances and 
then used in the coleoptile test for auxins. 

Another commonly used biological test for auxins is to immerse sections 
of young oat coleoptiles in the solution to be tested and measure their 
increase in length over a certain period of time (commonly 6-24 hr.) a.s 
compared with increase in length of similar sections immersed in water 
or an auxin-free solution. 

Chemical Constitution of the Naturally-occurring Auxins. — Kogl et at. 
(1934) isolated from biological sources three chemically pure crystalline 
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substances whicli give the reactions of auxins when tested by the oat cole- 
optile technique. These substances have been called auxin a (C 18 H 32 O 6 ), 
auxin b (CisHsoCb), and heteroauxin (C 10 H 0 O 2 N). The chemical names 
of these substances are auxentriolic acid, auxenolonic acid, and indole-3- 
acctic acid, respectively. Auxin a was isolated from urine, and both auxins 
a and h from malt and various vegetable oils. Indoleacetic acid was iso- 
lated from urine and from certain yeasts and molds. At one time it was 
considered possible that indoleacetic acid did not occur in the tissues of 
higher plants, but more recently it has been isolated from corn grains 
(Haagen-Smit et al., 1942, 1946; Berger and Avery, 1944), and there are 
numerous indications that it occurs in many other tissues of higher plants 
including oat coleoptiles (Wildman and Bonner, 1948). It seems probable 


that this will prove to be the principal naturally-occurring auxin. 

The Occurrence and Synthesis of Naturally-occurring Auxins in Plants. 

Auxins appear to be universally present in plants, and their occurrence 
has actually been demonstrated in a wide variety of species. Furthermore, 
the auxins are nonspecific in their action, i.e., the same auxin, chemically 
speaking, which influences growth phenomena in one species usually also 
influences the same or similar phenomena in other species. 

Auxins are present in plant cells in several different forms: free auxins, 
auxin precursors, and bound auxins. Various methods of extracting the 
“total” auxins (all forms) from plant tissues have been devised and more 
or less successfully employed (Thimann et al., 1942; Haagen-Smit et at, 
1942; Gordon and Wildman, 1943; Avery et ai, 1941, 1945; and Gordon, 
1946). Other investigators have devised methods which they believe 
extract only the free auxins from plant tissues (Gustafson, 1941; Van 

Overbeek et al.^ 1947; Wildman and Muir, 1949). 

Only in the free form is an auxin readily diffusable, and only in this 

form is it effective in the oat coleoptile tests. Since, however, free auxins 
may be continuously formed from bound or precursor auxins, consider- 
ably more free auxin than originally present may diffuse into agar oc s 
from plant tissues (Van Overbeek, 1941). In most tissues thus far inves- 
tigated the auxins present in inactive forms are many times greater an 
the free auxins present; the latter seldom constituting more than P® 


cent of the potentially available auxins. * u 0 

The amino acid tryptophane (Chap. XXVI) has been shown o e 

precursor of indoleacetic acid in plants (Wildman et al, 1947, and othem^ 
Conversion of the former compound into the latter apparently takes place 
through the intermediate step of indoleacetaldehyde which is ^ 

even more immediate precursor of indoleacetic acid (Larsen, 1949). 
transformation of tryptophane to indoleacetic acid is 
specific ensyme system which has been found in a number of plant tissues. 
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The presence of zinc is necessary for tryptophane synthesis, and one of 
the indirect effects of zinc deficiency is a reduction in the quantity of 
auxin present (Tsui, 1948). Following ore the stnictural fonnulas for 
tryptophane and indoleacetic acid: 
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Tryptophane Indoleacetic acid 

Many, but not all, of the bound auxins are auxin-protein complexes. 
Since, by suitable treatments, active auxins can be released from bound 
auxins, the latter are sometimes referred to as "auxin precursors,” al- 
though they would not be so regarded in the usual sense of the term. 

The auxins naturally present in plants are synthetic products of plant 
metabolism. The principal centers of auxin synthesis are apical meriste- 
matic tissues of aerial organs such as opening buds, young leaves, and 
flowers or inflorescences on growing flowerstalks. Small quantities of 
auxins are also synthesized in apical root meristems (Van Overbeek and 
Bonner, 1938), although much of the auxin present in roots probably 
comes from aerial organs of the plants. The auxin synthesized in one 
tissue is frequently translocated to other organs of the plant. The concen- 
tration of auxin may vary greatly from one tissue to another; in general 
auxin is found in greatest concentrations in the tissues in which it is syn- 
thesized or stored. Temperature is a factor in auxin synthesis, but the 
optimum for this process probably is not the same in all plants and 
tissues. In coleoptile tips the auxin is apparently synthesized from a 
precursor which is translocated acropetally (base to apex) through the 
coleoptile from the grain (Skoog, 1937). 

Auxins are not only synthesized in plant cells but are also inactivated 
in t em. Inactivation may be brought about in various ways. Among 
o er inactivation agents is a specific enzyme which breaks down in-t 
doleacetio acid; this enzyme has been isolated from the epicotyls of 
etiolated pea seedlings (Tang and Bonner, 1947, 1948). Light inactiva- 

lon or destruction of auxin is also of widespread occurrence in plants 
and IS discussed more fully in Chap. XXXVI. 

The Role of Auxins in Cell Elongation. — Auxins play a role in the elonga- 

lon phase of growth in many other plant organs similar to that described 
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for the oat colcoptilc. It is generally considered that cell elongation occurs 
only m the presence of auxins, and that with increase in auxin concentra- 
tion there is an increase in the rate of elongation if no other factors arc 
limiting. The optimum range of concentration for cel! elongation varies 
greatly with different tissues, and relatively high concentrations usually 
exert an inhibiting effect upon this phase of growth. 

If the extreme tip of a maize or lupine root is cut off, its rate of elonga- 
tion increases, although not greatly (CMiolodny, 1926). Replacement of 
the root tip in maize jilants results in a retardation in elongation rate as 
compared with detipped roots. Furthermore, attachment of coleoptile tips 
of maize to detipped root tips of the same plant results in a retardation 
in the elongation rate of the root tip. These results suggest that the same 



Fro. 130. Rol;ition between auxin (indoleacetic acid) concentration .‘uid 
motinff or inhibifinff effect on the development of certain plant orsnns. Mo i le 

from Leopold and Thimann (1940). 


concentrations of auxin which accelerate elongation in coleoptiles an 

other aerial organs retard elongation in roots. 

This sur)position has been confirmed by experiments in which the roots 
of oat seedlings were immersed in pure solutions of auxins. The growth o 
the roots was found to be retarded in proportion to the concentration 
of auxin used. However, when roots which contain either no auxin at a , 
or virtually none, are treated w’ith auxin solutions of very low concentra 
tion, acceleration of grow'th as compared wdth similar but untreated roo s 

often results. , 

The apparently contrasting effects of auxins upon elongation o roo s 

and aerial organs may be explained by assuming that roots, buds, an< 
stems all react in a comparable way to auxins (Fig. 136), their grow 
being inhibited by relatively high, and promoted by relatively low, auxin 
concentrations. Elongation of roots is favored only at very low concen- 
trations; at all higiier concentrations their growth is checked. Stems ana 
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coleoptiles sliow a similar behavior except that the optimum range of 
concentrations for elongation is much higher than for roots. The same 
concentrations of auxins which favor stem elongation result in retarda- 
tion of root elongation. The effect of auxin on bud development is con- 
sidered in Chap. XXXIIl, and its effect on flower initiation in Chap. 
XXXII. Briefly, therefore, whether an auxin will exert an accelerating 
or an inhibiting effect upon gro^^dh seems to depend in part upon its 
concentration and in part upon the specific tissue involved. 

Shortly after the disccveiy of the natui ally-occurring auxins various 
investigators showed that certain compounds, not known to occur natu- 
rally in plants, induce reactions in plants similar to those evoked by the 
naturally-occurring auxins. The list of such “synthetic” auxins has become 
quite extensive (Zimmerman and Hitchcock, 1942; Thompson, et al.y 
1946). The best known of these substances are a-naphthalene acetic acid, 
indolebutyric acid, 2,4-dichlorophenoxyacetic acid, and a-naphthoxy- 
acetic acid. Most of these compounds induce cur\'ature of oat coleoptiles 
when tested by the standard techniciue, although many of them are not 
as effective in causing this reaction as the naturally-occurring auxins. 

The term “auxin” has been used in different senses by different authori- 
ties. Most commonly, however, an auxin is considered to be any organic 
compound that promotes growth along a longitudinal axis when applied 
in low concentrations to organs which are initially low in their content 
of such growth-promoting substances but are under conditions which are 
otherwise favorable for elongation growth. The phrase “low concentra- 
tions” is a somewhat vague one, but in general can be taken to refer to 
concentrations of less than 10“^ molar. 

In spite of the apparent diversity of the compounds which act as 

auxins, certain similarities in molecular structure are common to all of 

them. These are: a ring system with a side chain containing at least one 

carbon atom between a terminal carboxyl or potential carboxyl group 

and the ring, a double bond in the ring adjacent to the side chain, and a 

definite space relationship between the carboxyl group and the ring 

system (Koepfli et al, 1938). Cf. the structural formula for indoleacetic 
acid given earlier. 

Translocation of Auxins.— If a block of agar containing auxin is affixed 
to the morphologically upper end of a segment of oat coleoptile, and a 

oc o puie agar to the lower end, auxin will move into and accumulate 
m the lower block. The final concentration of auxin in the basally at- 

mVl'i greatly exceed that in the one affixed to the apex (Fig. 

11 K ^gar block containing auxin is affixed to the morphologi- 

cally basal end, no translocation of auxin will occur (Fig. 137 B). Trans- 
ocation of auxin in oat coleoptiles apparently takes place through the 
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parenchyma tissues. The results of such experiments show that transport 
of auxin in the oat coleoptile is polar, i.e., occurs only basipetally, and 
that it can occur against a concentration gradient since the auxin accumu- 
lates in the lower block iVan der ^^’eij, 1934; AVent and AAliite, 1939). 

There is evidence that a similar hasipetal translocation of auxin, either 
naturally-occurring or introduced, occurs in many other plant tissues or 
organs. Among these are coleoptiles of other species than oat, the veins 
and petioles of leaves, hypocotyls, herbaceous stems, and woody steins 
(Oserkowsky, 1942). In such organs the polarized downward movement 
occurs in parenchyma or phloem tissues. In roots, on the other hand, 



Fro. 137. Diaj^nun to illustrate hasipetal luoveinent of auxin. (A) Agar block 
containing auxin attached to aj)ical end of segment of oat co!eo])tile. (B) Agar 
block containing auxin attached to basal end of segment of oat coleoptile. Re- 
drawn from AA^cnt (1935). 

movement of auxins appears to be nonpolar and thei*e are undoubtedly 

other tissues in which this is also true. 

The mechanism of the polar movement of auxins is unknown. Etheriza- 
tion stops the transport of auxin, except insofar as it can be accounted for 
by diffusion, and destroys its polarity. This indicates that living cells are 
involved in the process, but tells nothing of the manner in which they 
operate. It has been suggested that the polarity in the movement of auxins 
may result from differences of electrical potential in the tissues, but 
experiments designed to test this hypothesis have not yielded evidence 

in its support (Clark, 1938). 

Upward translocation of auxins can occur in plants, at least un er 
certain conditions. If an auxin is applied to the soil or to the basal parts 
of entire plants or to cuttings in adequate concentrations, their absorp 
tion and upward movement through the plant can be demonstrate 
(Flitchcock and Zimmerman, 1935, 1938; Ferri, 1945). Such upwar 
transport apparently takes place only when the auxin molecules pass into 
the transpiration stream. As soon as the auxin molecules move back into 
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the living tissues of the stem or leaf their polar basii:)ctal movement is 
resumed (Skoog, 1938). 

Role of Auxins in Root Formation. — It has been known for many years 
that the presence of buds on a cutting favors development of roots when 
the basal portion of the cutting is introduced into a suitable rooting 
medium. Developing buds are more elfective in ])roinoting root formation 
than quiescent buds. Leaves, especially if young, also often favor the 
production of roots on cuttings. These observations suggest that root 
initiation on cuttings is favored by hor- 


mones which are synthesized in the buds 
and young leaves and are subseciuenlly 
translocated to the basal pail of the cutting. 
Soon after the identification of them as na- 
turally-occurring auxins it was found that 
auxin b and indoleacetic acid are active in 
inducing root formation (Kogl, 1935; Thi- 
rnann and Koepfli, 1935). There is good 
evidence (Chap. XXIX) that other iior- 
mones besides auxins are also necessary for 
root formation or at least for their con- 
tinued development, whether the roots are 
initiated on other roots, on stems, or on 
leaves. 

The effect of auxins on root fortnatiou 
should be clearly distinguished from their 
effect on root elongation. In general, the 
concentrations required for the former proc- 
ess are much greater than for the latter. 

A number of the “auxins” not known to 
occur naturally in plants have also been 
found to be effective in promoting root for- 
mation in many species (Fig. 138). Exten- 



Fkj. 138. Hoot formation on 
stem of tomato plant result- 
ing from treatment with lano- 
lin containing 2 per cent alpha 
naphthalene acetic acid, ilio- 
tograph from Zimmerman and 
Wilcoxon (1935). 


siye experiments have been carried out on the suitability of treatments 

yith various auxins as a practical method of aiding in the rooting of cut- 

tingy Such treatments are not effective with all kinds of |)lants, but with 

cuttings of many species they lead to a speeding up of the process of root 

ormation and to the development of a greater number of roots per cut- 

mg. Hormones do not induce root formation, however, on cuttings of 

species on which at least some roots do not develop without their appli- 
cation. 


Various techniques are used to introduce hormones into cuttings. For- 
mer y the most favored procedure was to immerse the basal end of the 
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cuttings in a dilute (10-200 p.p.m.) solution of the hormone for periods 
ranging up to 24 hr. before setting them in the rooting medium. Latterly 
this method has been largely superseded by two less time-consuming 
procedures. In one of these the hormone is applied in a dry form, being 
first mixed with an inert powder such as talc, most commonly in propor- 
tions of 500-2000 parts of the hormone to 1,000,000 parts of talc. The 
basal end of the cutting is first dipped in water, and then in the powder 
before insertion into the rooting medium. In the “quick dip” method the 
basal ends of the cuttings are dipped momentarily (for about 5 sec.) into 
a relatively concentrated solution of the hormone (4,000-10,000 p.p.m. in 
water or 50 per cent ethyl alcohol) before being set in the cutting bench. 
Auxins may also be applied to stems or cuttings in lanolin (Fig. 138) or 

as vapors. 

The compounds most commonly employed in all of these methods, 
either singly or in mixtures, are a-napthaleneacetic acid, napthalene 
acetamide, and indolebutyric acid. The most effective treatment varies 
according to species; extensive tabulations of the effects of various com- 
pounds and methods of treatment on numerous species are given by 
Avery and Johnson (1947) and Mitchell and Marth (1947). 

Other Effects of Auxins.— One of the most remarkable facts about the 
auxins is the multiplicity of the growth reactions in which they partici- 
pate. Only a few of their roles are discussed in this chapter; other impor 
tant growth phenomena in which they play a part include the develop- 
ment of fruits, abcission of leaves and fniits, activation of cambial ce s, 
apical dominance, flower initiation, geotropism and phototropism. These 
various roles of the auxins will be discussed in subsequent chapters. 

Toxic Effects of Auxins.— Reference has already been made to the in- 
hibitory effect of relatively high concentrations of auxins on the process 
of cell elongation (Fig. 136). Applications of auxins in relatively hign 
concentrations also result in various kinds of growth malformations in 
plants such as distortions of leaves, stems and roots, discolorations o 
leaves, inhibitions of stem or root elongation or flower openmg, am 
formation of tumors. It should be emphasized that the term re a ive 
high concentrations” as used in this discussion refers to concentra lo 
which, in absolute terms, are veiy low, of the general older of magni u 
of 1000 p.p.m. In somewhat higher concentrations, but in absolute e 
still very low, these compounds often result in death of the plant. 

Realization that auxins, when applied in relatively high but 
v^ery low concentrations, exert toxic or lethal effects on plants e o 
suggestion that they could be employed for the purpose of killing we 
or other noxious plants. The phenoxyacetic acids (Zimmerman e 
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1942, 1944) have proved especially effective as lierhicides. The most 
widely used of these has been 2,4-dichlorophenoxyacetic acid (“2,4-I)”l, 
although numerous other organic compounds with hormone-like effects 
on plants also show promise as herbicides. The results of tests on the 
growth-inhibiting activity of over a thousand different organic com- 
pounds are listed by Thompson et al. (1946), who also summarize previ- 
ous work on the chemical control of plant growth. IVIost of the compounds 
w'hich they list are not auxins in the usual sense of the word, but all of 
them may be classified, broadly speaking, as plant hormones or growth 
regulators. 

The effects on plants of 2,4-dichlorophenoxyacetic acid may be taken 
as an example of the action of an auxin-like herbicide. This compound is 
readily absorbed from sprays or dusts when applied to leaves. It is 
quickly translocated to other parts of the plant and affects especially the 
meristems. The rapid distribution of this compound throughout the plant 
contributes greatly to its effectiveness as a toxicant. Death results from 
derangements of metabolism, especially in the meristem.s. 

Different kinds of plants differ markedly in their reactions to applica- 
tions of 2,4-dichlorophenoxyacetic acid. Cereal grains and most other 
grasses are less susceptible, for example, than most broad-leaved annuals, 
and most woody plants are less susceptible than most herbaceous species. 
This very selectivity of effect is one of the advantages of this compound, 
and of many similar ones, as herbicides. Broad-leaved weeds can be 
eliminated from sugar cane fields or from lawns, for example, by applica- 
tion of a spray in the proper concentration and at the proper volume per 
square foot. 

Besides its selectivity of effect, 2,4-dichlorophenox3'acetic acid has 
certain other advantages when used as a herbicide. The absolute concen- 
trations required are very low. Many plants can be killed, for example, 
y spraying with an 0.1 per cent solution at the rate of 5 gal. per 
00 ft . In the concentrations generally employed this compound is harm- 
less to men and animals. Under most conditions, 2,4-dichlorophenoxy- 
acetic acid disintegrates rapidly in soils. The possibility of detrimental 
ettects on plants which subsequently grow on soils in which this compound 
was once present thus disappears rapidly. Great care must be exercised, 
p'ever, m the use of this herbicide, that the spray does not drift to 
p an s Gr than those being treated. Accidental damage or destruction 
vauable plants as a result of careless application has been the chief 

2,4-dichlorophenoxyacetic acid as an herbicide. 

e differential effects on various species of plants of some of the other 
poun s used as herbicides is unlike that of 2,4-dichlorophenoxyacetic 
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acid. Isopropylphenylcarbamate, for example, in contrast with 2,4- 
dichlorophenoxyacetic acid is much more effective in killing certain 
grasses than broad-leaved annuals (Allard et al., 1946). 

It is eonvenient to mention several other growth inhibitors at this 
point, although whether or not they would be classed as hormones is a 
matter of definition. Coumarin favors cell enlargement in such plant 


tissue as oat coleoptiles and leaf blades at very low concentrations, but 
checks cell enlargement at all higher concentrations (Thimann and Bon- 
ner, 1949; Miller and Meyer, 1951). Similar checking effects upon root 
elongation have been fotmd for certain coumarin derivatives (Goodwin 
and Taves, 1950). Another growth inhibitor which has attracted consid- 
erable attention is maleic hydrazide (Schoene and Hoffmann, 1949). 
Applied to plants in relatively low concentrations (about 0.4 per cent) 
this compound results in a general cessation of growth. At somewhat lower 
concentrations loss of apical dominance is evident, and axillary buds start 
to grow soon after treatment. At certain concentrations flowering appears 
to be largely suppressed without much suppression of vegetative develop- 
ment (Chap. XXXII). Plants of various species seem to be affected in 
essentially the same way by this compound (Naylor and Davis, 1950). 

Mechanism of Auxin Action.— The earlier attempts to elucidate the 
mechanism of auxin action mostly centered around proposed explanations 


of the part played by such compounds in cell elongation. Auxins appear 
to have two main effects in this process: they cause an increase in the 
plasticity of the wall, and they participate, directly or indirectly, m the 
reactions whereby additional cellulose molecules are deposited within 
the wall. With the growing realization, however, of the large number o 
growth reactions conditioned by auxins, it has become obvious that these 
compounds must play a role in some pivotal metabolic process. e 
apparent necessity of specific chemical structure for a compound o a 
as an auxin, mentioned earlier, also suggests a particular metabolic ro ^ 
The effect of auxins on cell wall development is, therefore, now genera y 
considered to be, not a direct one, but only one possible end expression 
fundamental auxin-conditioned or regulated metabolic processes. 

There is considerable evidence that the auxins act primal y 
catalytic or regulatory capacity in some phase of the ° ^ 
metabolism of plants. A suggestive finding in this connecti . 

introduction of auxins into leaves or cuttings induces a 

of starch (Mitchell and Whitehead, 1940; Bausor, 1942). Auxin a 

appears to participate in some part of the resprato^ *^*^°*rnature of 
moner and Thimann, 1941; Berger ef a(., 1946), but the 
this relationship has not yet been traced. A significant fact in «« 
nection is that auxins exert their effects only under aerobic conditions. 
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The discovery by AVildnian and Bonner ( 1947) , that certain auxin-protein 
complexes from spinaeli leaves possess ]>hosphatase activity, may prove 
to be a significant one in allocating a specific role to the auxins. Although 
the question of the metabolic role of the naturally-occTirring auxin.s as 
yet eludes a definite answer, it seems j)ractical!y certain tliat they operate 
as carriers, coenzymes, or prosthetic groujts in soni(‘ fundamental enzyme 
system which j)lays a part in carbohydrate' or organic acid metabolism. 

The inhibiting as well as the accelerating effects of the auxins must he 
accounted for in any hypotliesis of the mechanism of their action. If we 
accept the likely assumption that an auxin is active when it oi)erates as 
the prosthetic grouj) of an enzyme, it is reasonable to postulate tliat two 
fundamental proi>erties of its molecules would be: (1) a specific group 
which reacts with the substrate molecules, and (2) the necessary struc- 
tural configuration to combine in some manner witli the protein portion 
of the enzyme (Skoog et «/., 1942). 

Viewed in the light of this hypotliesis (which incidentally is also appli- 
cable to other enzyme systems), relatively liigh concentrations of an 
active auxin ma}'’ result in inhibitory efl'ects as a result of some of the 
auxin molecules preempting all free positions on the jirotein component 
of the enzyme, while others become chemically attached to substrate 
molecules. This effectively blocks the reaction which can occur only 
when the protein and auxin operate as a catalytic team, so that substrate 
molecules become linked temporarily to the protein through auxin bridges. 

Inhibition of auxin-controlled reactions mav also result from the 
presence in the metabolic system of growth-inhibitors with an auxin-like 
structure (Skoog, 1947) which possess strongly only one of the two prop- 
erties listed above, and the other one only weakly or not at all. If such 
a compound possesses onlj’^ the capacity of combining with the protein, it 
may act as an inhibitor by occupying positions in the protein complex 
which would otherwise be taken by more active auxins. On tlie other 
hand, if the auxin-like compound possesses only the property of reacting 
with the substrate, it may block the overall reaction which can only take 

place if the compound can act as a chemical bridge between the protein 
and substrate molecules. 


Certain compounds, often called antiauxins, are known which offset or 

counteract the usual growth-enhancing effect of auxin in plants. Among 

these are coumarin (Veldstra and Havinga, 1945) and maleic hydrazide 

(Leopold and Klein, 1951), both mentioned earlier in this chapter as 

growth inhibitors. Another antiauxin is ^rans-cinnamic acid (Van Over- 

beek et al., 1951). The effect of this compound is of especial interest in 

view of the fact that its isomer cis-cinnamic acid has the properties of an 
auxin. 
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Other Plant Hormones.— The auxins are only one kind of a number of 
hormones occurring in plants. Some of the other compounds in this cate- 
gory have been isolated from plant tissues; the existence of others is 
inferred from the occurrence of various physiological reactions; other 
such substances doubtless are as yet undiscovered or unsusj)ected. 

^ Traumatic ^nVi.— Haberlandt (1921) showed that if frcshlv cut plant 
tissue is immediately rinsed with water, very few cell divisions occur in 
the cells adjacent to the wound. However, if the wounded area is smeared 
with finely ground tissue of tlic same species cell division takes place. 
This result led him to postulate the existence of substances which he 
called wound hormones’^ in injured tissues, which arc required if cell 
division is to be engendered in the cells bordering a wound. 

More recently English et al. (1939) have succ(‘eded in extracting from 
bean pods and purifying a compound called traumatic acid which acts 
like a “wound hormone.” This compound has the following formula; 


HOOC-CHurrCH-rCdTls-COOlI 


Traumatic acid induces extensive wound peri{lerm formation in washed 
disks of potato tuber. It is i)robable that there ai’C also other “wound 
hormones” present in plants. 

Calines . — AA ent (1938) has postulated the existemce in plants of a 
group of hormones which he calls the calines: (ll rhizocaline, made in 
the leaves and necessary for root formation; (2) caulocaline, synthesized 
in roots, but necessary for elongation of stems; and (3) phyllocaline. 
made or at least stored in cotyledons, anfl necessary for leaf growth. It is 

also considered that rhizocaline and caulocaline mav be stored in seeds. 

% 

Most of the evidence for the existence of such hormones in plants is indi- 


rect and the effects attributed to these hypothetical hormones may actu- 
ally turn out to result from the activity of substances already well known 
to have important influences on the growth or metabolism of plants. 
Galston and Hand (1949), for example, have oldaiijed evidence that 
adenine (Chap. XX) has effects on plants analogous to those of the postu- 
lated calines. The calines are discussed further in the following chapter. 

Hormones of Reproduction . — Several hormones are known or believed 
to play a role in the reproductive process of plants. Among these are 
the ubiquitous auxins, the “embryo growth factor,” and the postulated 
“florigen” (Chap. XXXI, Chap. XXXII). 

Vitamins . — From the standpoint of human physiology the vitamins 
constitute a group of specific organic substances which must be supplied 
in the diet, but which are required in relatively small, often only minute, 
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quantities compared with carbohydrates, fats, and proteins. From the 
standpoint of living organisms in general, for reasons discussed later, 
vitamins must be regarded simply as one rather arbitrarily delimited 
group of growth and metabolism regulators which cannot be sharply dis- 
tinguished from the hormones. 

The principal substances recognized as vitamins in human and animal 
nutrition are listed in Table 42. Chemically they constitute a very hetero- 
geneous group of compounds. All of the vitamins, or at least their im- 
mediate precursors, are synthesized in green plants. The human body, 
on the other hand, is dependent on sources outside its own metabolism 


for most essential vitamins and obtains a large proportion of them in 
green plants used as food. One partial exception is vitamin D which 
can be synthesized in the human body under irradiation from appropriate 
precursors which come from foods. Absence or deficiency of any one 
of the necessary vitamins in the human body results in physiological 
malfunctioning often evidenced as a specific disease. Some of the vitamin- 
deficiency diseases of man, such as scurvy, resulting from ascorbic acid 
deficiency, and beri-beri, resulting from thiamine deficiency, have been 
known for centuries, although only in comparatively recent years have 
their causes been recognized. Other higher animals appear to have vita- 
min requirements very similar to those of man. 


The latest addition to the group of B vitamins, not included in Table 

42 because its complete chemical formula is not yet known, is vitamin 

Bi 2 . This vitamin is of especial interest because cobalt is a constituent 

of the molecule. Whether or not this vitamin plays any role in plant 
metabolism is not known. 


Vitamin requirements differ from one kind of living organism to an- 
other, but no plant or animal is knawn for which at least some of them 
are not essential. The first fundamental question to be answered regard- 
ing the vitamin physiology of any organism is; Does the organism re- 
quire this specific vitamin in its metabolism? Certain of the vitamins 
appear to be necessary in the metabolism of aU plants and animals. This 
is true of many, if not all, of the vitamins of the so-called B complex. 

Un the other hand, certain vitamins seem to be essential in the metabolism 
oi only certain kinds of organisms. 

A second fundamental question to be answered regarding any essential 

Tn 1 1 A * A- * j organism synthesize this vita- 

in in quantities adequate to meet its own metabolic requirements? 

The answer to this question for the human organism is essentially “no” 
for all of the vitamins known to be necessary. The answer to the corre- 
sponding question for green plants is “yes.” For bacteria and fungi no 
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categorical answer is possible since the vitamin-synthesizing capacities 
of such organisms vary greatly from one species to another, and even 
from one variety of a given species to another. 

For many years it has been known that, in the culturing of bacteria 

or fungi on artificial media, it is necessary to introduce some organic 

material such as potatoes, peptone, oat or corn meal, yeast extract, dung, 

or wood into the medium in addition to sugar and other pure chemicals’ 

if growth of the organism is to occur. Only in comparatively recent years 

has it been recognized that these organic materials are sources of essential 

growth substances, some of which, at least, are identical with the known 
vitamins. 

Direct experimentation has demonstrated that many bacteria and 
fungi cannot synthesize certain of the vitamins which they require, or 
at least cannot synthesize them in sufficient quantities to permit opti- 
mum growth even when all other growth conditions are favorable. If the 
substrate on which they are growing is deficient or lacking in one or more 
of the necessary vitamins, development of the organism will be retarded 
and may cease entirely. By systematic addition of the various vitamins 


TABLE 42 — THE VtTAMINS 


‘Alphabcrical" 

Desiynarion 


N’itanun A 


V itamin B 
(Complex) 


Vitamin C 
Vitamin D 


Vitamin E 
Vitamin K 


Name 


Hydrolytic product of 
carotene 

1‘hiamine chloride hydro- 
chloride (Bi) 

Riboflavin (B2, vitamin G) 
Nicotinic acid (rtiacin) 
Pyridoxine (B«) 

Pantothenic acid 
Inositol 

Biotin (vitamin H) 

Folic acid 

/>-amino benzoic acid 

Ascorbic acid 

Derivatives of ergosterol, 
cholesterol, and other 
sterols 

or-tocopherol (and others) 

Kj: 2-methyl, 3 phytyl, 
1,4-naphthoquinone 
Kj: 2-merhyl, 3-difarnesyl, 
1,4-naphthoquinone 


Molecular Formula 


C20H28OH 


Ci2HiaN4SOCl, 

ClyH^NiOs 

CsH^NCOOH 

CsHuNO, 

QH.tNO* 

CeH.jO, 

CioH^ChNaS 

Ci^Hi^NtO# 

NHaCftH^COOH 

C,H»06 

CaH430H 

(activated 

dehydrocholestcrol) 

CaHsoOa 

CajH+eOj 
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to a vitamin-free medium on which an organism is cultured it is possible 

to ascertain which of the essential vitamins that organism must obtain 
from its substrate. 

It is probable that the vitamin requirements of all fungi are very 
similar; but different species differ greatly in their vitamin-synthesizing 
capacity. Many species, for c.xample, cannot synthe.size thiamine in ade- 
quate quantities (Robbins and Ma, 1943). Hence, unless this compound 
is present in the substrate, the fungus will be retarded in development 
as a result of the thiamine deficiency. Incapacity to synthesize adequate 
quantities of biotin, pyridoxine, pantothenic acid, inositol, and nicotinic 

acid have also been demonstrated for many species of the fungi (Burk- 
holder and Moyer, 1943). 

It has already been mentioned that all of the known vitamins, or at 
least their immediate precursors, are synthesized in higher green plants. 
Whether or not all such compounds are essential in the metabolism of 
green plants is an open question. The evidence regarding this point must 
0 necessity be somewhat indirect. There are no good reasons, however, 
for believing this to be true of vitamins A, D, E, and K. On the other 
hand, thiamine, nicotinic acid, riboflavin and pyridoxine are known to 
be constituents of the prosthetic groups or coenzymes of important en^ 
zymes found in vascular green plants (Chap. XXII, Chap. XXVI) and 
are probably necessary in the metabolism of all living cells in such 
organisms. It is highly probable that some, and perhaps all, of the other 
vitamins are required by green plants (Bonner and Bonner, 1948), 

essential green plant vitamin (Carroll^ 
y4^). Ihe structural formulas for several of the B vitamins known 

o )e indispensable m plant metabolism are given in Table 43; that for 
ascorbic acid is given in Chap. XXII. 

self-sufficing with regard 
throueirthZo compounds are widely distributed 

all cells of all ° necessarily mean that 

Some art compounds in adequate quantities, 
sary a ilan i- s F dependent upon other parts for certain neces- 

in steriirrulfure Sr XXIX)'^ 

ward transloolion fk ‘ depcndenl upon down- 

Sucl, do.™'vard Tran, T " -y-thoaized, 

and pyridoainc hi haT T “>* «t pantothenic acid 

ThisT prZbly ,L True 

nicotinic acid. Upward translocation of 
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t’liaminc from older to younger leaves also occurs. There is also evidence 

for a similar downward translocation of ascorbic acid in plants (Reid 

and Weintraub, 1939). On the other hand, roots of at least some species 

appear to synthesize certain other vitamins in such quantities as not to 

be dependent upon the tops for a supply of these compounds (Chap 
XXIX). 

The growing embryo and endosperm in the developing seeds of at least 
some kinds of plants appear, like roots, to be dependent upon transloca- 
tion from other parts of the jilant for necessary thiamine. In wheat, for 


TABLE 43 STRUCTURAL FORMULAS OF CERTAIN VITAMINS 



SELECTED BIBLIOGRAPHY 


.) 


example, as the content of tliis liornione in the dcv’cloping grains increases, 

there is a corresponding diminution in the thiamine content of vegetative 

parts (Geddes and Levine, 1942). It is possible that young developing 

embryos of some species may similarly be dependent upon vegetative 
tissues for other essential vitamins. 

From the foregoing discussion it should be evident that no sharp dis- 
tincUon can be drawn between “vitamins” and “hormones” in consid- 
erations of the metabolism of higher plants. Some of the .so-called 
hormones, such as traumatic acid, operate in or close to the cells in which 
they are synthesized; others, such as the auxins, arc freriucntly translo- 
cated to other, often distant cells, in which they influence metabolic 
processes. Similarly, some of the so-called vitamins, such as riboflavin, 
appear to operate principally in cells in which they arc synthesized, 
whereas others, such as thiamine, are often present in some tissues largely 
or entirely as a result of translocation from other organs of the plant. 
From the standpoint of plant metabolism, all such compounds fall into 

he one comprehensive categoiy of “growth-regulating substancc.s” or 
hormones.” 

SUGGESTED FOR COLLATERAL READING 

Elizabeth Johnson. Hormones and Horticulture. MeOraw- 
Hiil book Co., Inc. New York. 1947. 

Boysen .fensen, P. Growth Hormones in Plants. Transl.ited .ind rcvi.-^cd hv O S 
1936''’ ' •'^b'Gniw-Hill Book Co., Inc. New York! 

^^'^'^Press.'^io^'’ netiulators. University of Chicago 

?o. 

Cnivmily of Wiscon.in Press. 
f^fnitohomwnes. The .Macmillan Co. New 


SELECTED BIBLIOGRAPHY 

Av..;' riiSr j' 

Averse 

, Jr., H. B. Creighton, and B. Shalucha. Expression of hormone yields 



576 


PLANT HORMONES 


different Avena test mellioils. i4mer. Jour. Bot. 28 : 498-506. 

Bausor S. C. Efforts of growth substances on reserve starch. Bot, Gaz. 104- 115- 
121. 1942. 

Berger, J and G. S. Avery, Jr. Isolation of an auxin precursor and an auxin 
(indoieacetic acid) from maize. Chemical and phvsiological properties of 
maize auxin precursor. Amer. Jour. Bot. 31: 199-20k 1944. 

Berger, J., Patricia Smith, and O. S. Avery, Jr. The influence of auxin on the 
respiration of the Aveua coleoptile. Amcr. Jour. Bot. 33: 601-604. 1946. 

Bonner, J. Accumulation of various substances in girdled stem of tomato plants. 
Amcr. Jour. Bot. 31: 551-555. 1944. 

Bonner, J., and Harriet Bonner. The B vitamins as plant hormones. Vitamins 
and Hormones 6: 225-275. 1948. 

Burkholder, P. II., and Dorothy Moyer. Vitamin deficiencies of fifty yeasts and 
molds. Bull. Torrey Bot. Club 70: 372-377. 1943. 

Carroll, G. H. The role of ascorbic acid in plant nutrition. Bot. Rev. 9 : 41-48. 
1943. 


Cholodny, N. Beitrage zur Analyse der geotropischen Rcaktion. Jahrh. llTss. 
Bot. 65: 447-459. 1926. 

Clark, W. G. Electrical polarity and auxin transport. Plant Physiol. 13; 529- 
552. 1938. 

Commoner, B., and K. V. Thimann. On the relation between growth and respira- 
tion in the Avena coleoptile. Jour. Gen. Physiol. 24 : 279-296. 1941. 

English, J., Jr., J. Bonner, and A. J. Haagen-Smit. Structure and synthesis of a 
plant wound hormone. S^cience 90 : 329. 1939. 

Ferri, M. G. Perliminary observations on the translocation of synthetic growth 
substances. Coidr. Boyce Thompson Inst. 14 : 51-68. 1945. 

Ga'ston, A. W., and Alargery E. Hand. Adenine as a growth factor for etiolated 
peas and its relation to the thermal inactivation of growth. Arch. Biochem. 
22 : 434-443. 1949. 

Geddes, W. F., and M. N. Levine. The distribution of thiamin in the wheat plant 
at successive stages of kernel development. Cereal Chem. 19 : 547-552. 1942. 
Goodwin, R. H., and Carolyn Taves. The effect of coumarin derivatives on the 
growth of Avena roots. Amer. Jour. Bot. 37: 224-231. 1950. 

Gordon, S. A. Auxin-protein complexes of the wheat grain. Amer. Jour. Bot. 33: 
160-169. 1946. 

Gordon, S. A., and S. G. Wildman. The conversion of tryptophane to a plant 
growth substance by conditions of mild alkalinity. Joiir. Biol. Cliem. 147 : 
389-398. 1943. 

Gustafson, F. C. The extraction of growth hormones from plants. Amer. Jour. 
Bot. 28: 947-951. 1941. 

Haberlandt, G. Wundhormonc als Erreger von Zellteilungen. Betr. Ally. Bet. 2 : 
1-53. 1921. 

Haagen-Smit, A. J., W. B. Dandliker, S. H. Wittwer, and A. E. Mumeek. Isola- 
tion of 3-indoIe acetic acid from immature com kernels. Amer. Jour. Bot. 


33: 118-120. 1946. 

Haagen-Smit, A. J., W. D. Leech, and W. R. Bergren. The estimation, isolation, 
and identification of auxins in plant materials. Amer. Jour. Bot. 29 : 500- 
606. 1942. 

Hitchcock, A. E., and P. W. Zimmerman. Absorption and movement of sjmthetio 



SELECTED BIBLIOGRAPHY 


577 


growth subt=tances from soil as indicated by the responses of aerial parts. 
Contr. Boyce Thompson Inst. 7: 447-476. 1935. 

Hitchcock, A. E., and P. W. Zimmerman. The use of green tissue test objects for 
determining the physiological activity of growth substances. Contr. Boyce 
Thompson Inst. 9: 463-518. 1938. 

Koepfli, J. B., K. V. Thimann, and F. W. Went. Phytohormones: Structure and 
physiological activity. I. Jour. Biol. Chem. 122: 763-780. 1938. 

KogI, F. Pber Wuchstoffe der Auxin- und der Bios-Gruppe. Ber. Deutsch Chem 
Ges. 68: 16-28. 1935. 

Kogl, F., H. Erxleben, and A. J. Haagen-Smit. Pber die Isolierung der Auxine a 

und b aus pflanzlichen Materialien. Zeitschr. Physiol. Chem. 225: 215-229. 
1 03*1 . 

Kogl, F., and H. Erxleben. Pber die Konstitution der Auxine a und b Zeitschr 
Physwl. Chem. 227: 51-73. 1934. 

Kogl, I*., A. J. Ilaagen-Smit, and 11. Erxleben. Uber ein neues Auxin (Hetero- 
auxin) aus Harn. Zeitschr. Physiol, ('hem. 228: 90-103. 1934. 

Lnr>en, P. Conversion of indole acetaldehyde to indole acetic acid in excised cole- 
optiles and in coleoptile juice. Amer. Jour. Bot. 36: 32-41. 1949. 

Leopold, A. C., and . FI. Klein. Maleic hvdrazide as an antiauxin in ])Iant« 
Science 114: 9-10. 1951. 

I-.eopold, A. C., and K. \ . Thimann. The effect of auxin on flower initiation Amer 
Jour. Bot. 36: 342-347. 1949. 

Miller C. 0., and B. S. Meyer. Expansion of Chenopodium album leaf disks as 
affected by coumarin. Plant Physiol. 26: 631-634. 1951. 

Mitchell, J. W., andMuriel R. Whitehead. Starch hydrolysis in bean leaves as 

affected by application of growth-regulating substances. Bot. Gaz. 102: 393- 
399. 1940. 

Najlor, A. W., and E. A. Davis. Maleic hydraziile as a jilant growth inhibitor 
Bot. Gaz. 112: 112-126. 1950. 

Oserkowsky, J. Polar and apolar transport of auxin in woody stems. Amer Jour 
Bot. 29: 858-866. 1942. 

ReidMary E,, and R. L. Weintraub. Synthesis of ascorbic acid in excised roots 
01 the white moonflower. Science 89: 587-588. 1939. 

° 

ld9“588-590.” 04 "“”' 

amounts of auxin and auxin 
precursors. Jour. Gen. Physiol. 20: 311-334. 1937. 

°°f938 translocation of auxin. Amer. Jour. Bot. 25: 361-372. 

^''°T947 substances in higher plants. Ann. Rev. Biochem. 16: 529-564. 

^''“Tnhfhitinn L Interactions of auxins m growth and 

inhibition. Amer. Jour. Bot. 29: 568-576.. 1942. 

° 'St 64^'‘58So3.‘t92?' ‘n der Haferkoleoptile. Jahrb. Wiss. 

SomeTharrI enzymatic inactivation of indoleacetic acid. I. 

borne characteristics of the enzyme contained in pea seedlings. Arch. Bio- 



578 


PLANT HORMONES 


chem. 13: 11-25. 1947. II. The physiology of the enzyme. Amer. Jour. Bot. 
35: 570-578. 1948. 

Thimann, K. V., and W. D. Bonner, Jr. Inhibition of plant growth by protoan- 
emonin and coumarin, and its prevention by BAL. Proc. Nat. Acad Sci 
{U. S. A.) 35: 272-276. 1949. 

Thimann, K. \ and J. B. Koepfii. Identity of the growth-promoting and root- 
forming substances of plants. Nature 135: 101-102. 1935. 

Thimann, K. \ F. Skoog, and Ava C. Byer. The extraction of auxin from plant 
tissues. 11. Amer. Jour. Bot. 29: 598-606. 1942. 

Thompson, H. E., C. P. Swanson, and A. G. Norman. New growth-regulating 
compounds. I. Summary of growth-inhibiting activities of some organic com- 
pounds as determined by three tests. Bot. Gaz. 107: 476-507. 1946. 

Tsui, C. The role of zinc in auxin svnthesis in the tomato plant. Amer. Jour. Bot. 
35: 172-179. 1948. 

Van Overbeek, J. A quantitative study of auxin and its precursor in coleoptiles. 
Amer. Jour. Bot. 28: 1-10. 1041. 

Van Overbeek, J. Growth-regulating substances in plants. Ann. Rev. Biochein. 
13: 631-666. 1944. 

\an Overbeek, J., R. Blondeau, and V. Horne. Trans-cinnamic acid as an anti- 
auxin. Amer. Jour. Bot. 38: 589-595. 1951. 

Van Overbeek, J., and J. Bonner. Auxin in isolated roots growing in vitro. Proc. 

Nat. Acad. Sci. (U, S. A.) 24: 260-264. 1938. 

Van Overbeek, J., E. S. de Vasquez, and S. A. Gordon. Free and bound auxin in 
the vegetative pineapple plant. Amer. Jour. Bot. 34: 266-270. 1947. 

Veldstra, H., and E. Havinga. On the physiological activity of unsaturated lac- 
tones. Enzymologia 11: 373-380. 1945. 

Weij, H. G. van der. Der Mechanisms des Wuchstoff transportes. II. Rec. Trav. 
Bot. Neerland 31: 810-857. 1934. 

Went, F. W. Wuchstoff und Wachstum. Rec. Trav. Bot. Neerland 25: 1-116. 
1928. 

Went, F. W. Auxin, the plant growth-hormone. Bot. Rev. 1: 162-182. 1935; 11: 
487-496. 1945. 

Went, F. W. Specific factors other than auxin affecting growth and root forma- 
tion. Plant Physiol. 13: 55-80. 1938. 

Went, F. W., and R. White. Experiments on the transport of auxin. Bot. Gnz. 
100: 465-484. 1939. 

Wildman, S. G., and J. Bonner. The proteins of green leaves. I. Isolation, enzy- 
matic properties and auxin content of spinach cytoplasmic proteins. Arch. 
Biochem. 14: 381-413. 1947. 

Wildman, S. G., and J, Bonner. Observations on the chemical nature and for- 
mation of auxin in the Avena coleoptile. Amer. Jour. Bot. 35: 740-746. 194cS. 
Wildman, S. G., M. G. Ferri, and J. Bonner. The enzymatic conversion of trypto- 
phan to auxin by spinach leaves. Arch. Biochem. 13: 131-144. 1947. 

Wildman, S. G., and R. M. Muir. Observations on the mechanism of auxin for- 
mation in plant tissues. Plant Physiol. 24: 84-92. 1949. 

Zimmerman, P. W. Formation influences of growth substances on plants. Col 
Spring Harbor Symposia Quant. Biol. 10: 152-157. 1942. 

Zimmerman, P. W., and E. Hitchcock. Substituted i)henoxy and benzoic aci( 
growth substances and the relation of structure to physiological activity. 
Contr. Boyce Thompson Inst. 12: 321-343. 1942. 



SELECTED BIBLIOGRAPHY 



Zimmenium, P . \V., and A. E. Hitchcock. Plant hormones. Ann. Rev. Biochem 
17: GOl-626. 1948. 

Zimmerman, P. A. E. Hitchcock, and E. K, Harvill. Xylenox}' growth sul)- 
stanccs. Contr. Boyce Thompson Inst. 13: 27d-2sf). 1944. 

Zimmerman, P. and I* . W ilcoxon. Several chemical growth substances whicli 
cause initiation of roots and other responses in plants. Contr. Boyce Thomp- 
son Inst. 7: 209-229. 1935. 



XXIX 


VEGETATIVE GROWTH 


Tiiat plants more* or less eontiniiously increase in size and develop 
new organs at least intermittently throughout their life historj^ is one of 
th(* most self-evident of natural i)henomena. The term “growth” is pop- 
ularly emj)loye(l to designate this com})lex of j)rocesses and, in a loose 
sense*, at least, is so employed by botanists. (Irowth is the one plant 
process with which few persons are unfamiliar, even if they have never 
oi)ser\'ed it on any large*!* scale than a |)otted plant on a window sill. 
Foi* rai'me*rs, hort icultuiists, fe>!-estei’s, and all others who depend upon 
the pi‘oductivity of plants for their livelihood, the phenomenon of plant 
growth holds the ce‘nter of the stage e)f interest. 

In many discussions of plants as living organisms emphasis is laid 
upon the “structure” and “functiem” of various organs and tissues. Most 
such discussions overlook or at least fail to emphasize that structure 
is also a result e)f “function” if this latter term is considered to refer to 
physiological activity. The coordinated development or growth of plant 
organs and tissues is just as clearly a form of physiological activity as 
such relatively simpler processes as photosynthesis and respiration. How- 
ever, because of the complexity of the process, the physiology of growth 
has been studied much less intensively than the end products — cells and 
tissues — of growth activity. 

Assimilation. — The dry matter which is incorporated into the structure 
of both protoplasm and cell walls during growth comes almost entirely 
from foods. The process whereby foods arc utilized in the building of 
protoplasm and cell walls is called assimilation. In the synthesis of pro- 
toplasm the foods assimilated arc largely proteinaceous, whereas those 
assimilated in the fabrication of cell walls are almost entirely carbohy- 
drates. The chemical reactions involved in assimilation are principally 
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of R kind in winch relatively simple, soluble foods are convertcfl into 
comj'jlex, insoluble constituents of cell systc'ins. These reactions ai’e cat- 
alyzed by (‘nzynies. As a result of assimilation a gro^^■ing; region invariably 
increases in dry weight during growth. 

A])])arent exceptions to tlie j'n'inciple of increase in dry weight dining 
giowth arc sometimes cited. A seedling developing in the dark, as de- 
scribed in ( hap. XXI. although obviously growing, continuously decreases 
in total dry weiglit. Even when seeds germinate in the light, the total dry 
weiglit of the j^lant decreases for a period prior to the initiation of photo- 
synthesis in the developing seedling. Similarly, for a short time in the 
spring, aft(*r the buds of woody j'tlants resume growth, a slight decrease 
occurs in the total dry weight of the jdant. Likewise an acti^'ely growing 
plant steadily decreases in total dry weight during the night hours. Such 
examples, however, only obscure the crucial fact that the growing region 
invariably increases in dry weight during the process of growth. Such 
an increase in dry weight of growing regions is entirely possible, even 
vhen there is a simultaneous decrease in the total dry weight of the 
plant as a result of an excess of resiiiration over photosynthesis. 

Growth as a Process.— Growth is by far the most complex of all physio- 
logical processes and, as such, is not susceptible to any precise definition. 
The simplest connotation of the word is merely that of an increase in 
size; in this sense a crystal or a rolling snowball grows. But increase in 
size, although the most obvious aspect of growth, is only one feature of 
t le process, which is, in turn, a complex of sub-processes. 

Differentiation, which is of several kinds, is another aspect of growth 
which precedes, accompanies, and follows cell division and enlargement. 

ysio ogical differentiation of the protoiilasm in a cell precedes its 
civision. Such physiological differentiation continues throughout the 
f eve opment of the cell, being supplemented at first by size and shape 
( 1 crentiation which occurs principally during the enlargement phase 

tiirnl^ ^ ontogeny of the cell bv struc- 

tural and chemical differentiation of the cell walls 

enwZVT'''" “growth” to the cell-division and cell- 

the one hTn flistmguish between growth thus defined, on 

otlr (i.e., structural differentiation), on the 

r«ed whhnnr’' the term “differentiation” is 

reter To struck . . growth, it can be assumed to 

Tes Jate u ‘--ever, to 

tissues dewlor--P tl,eir constituent 

this nrocess Tl ’’^tural and suitable term for 

of thT pro - this book. Separate phases 
g wth process are .lesignated by the terms “cell division,” “cell 
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onlargomcnt” (or elongation) and “cell differentiation.” This latter phase 
of growth is eallefl cell maturation by some authors. 


The (li.^eussion in this ehaider is restricted to the vegetative growth 
ot \ a>( ular ])lants, i.e., to the development of the roots, stems, and leaves. 
Reproductive growth— the formation of flowers, fruits, and seeds— is 
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P'lr;. 130. Diagram of the root tip 
of a flicotylcdon showing origin of 
rir>r vasfiilar flomonts. Redrawn 
with nKMlifirafions from Esau 

( 1043 ). 


considered in Chap. XXXII. 

Meristems. — Growth does not oc- 
cur indiscriminately in all parts of a 
plant l)ut is initiated only in cer- 
tain tissues of restricted distribution 
called meri'stems. A meristem is a 
tissue in which, under favorable con- 
ditions, new cells are more or less 
continually being formed as a result 
of re})eated divisions of some or all 
of the cells. As a result of the subse- 
quent further enlargement and struc- 
tural differentiation of cells originat- 
ing in a meristem, various tissues arc 
developed according to a pattern 
which is more or less distinctive for 
each species. 

The most important meristems in 
the body of the majority of vascular 
plants are the apical-root (Fig. 66) 
and apical-stem (Fig. 140) meri- 
stems, and the vascular cambium 
(Fig. 51). An apical-stem meristem 
is present at every stem tip includ- 
ing those of quiescent or dormant 
buds, an apical-root meristem is 
present at every root tip, and a vas- 
cular cambium is present in the 
stems and roots of gymnosperms and 
most dicotyledons. Differentiation of 
these three major meristems occurs 
very early in the ontogeny of an 
inflividual plant. 

Intercalary meristems are also 
present in many kinds of plants. 
These are found in the stems of 
some species and also in the leaves 
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of certain species, especially monocots. In stems, intercalary meristems 
aie most commonly located just above the nodes, as in corn and other 
monocots; hut in some species they occur just hchiw the nodes, as in some 
mints; and in still other siiecies they occur in the middle of the node. 
Leaves of grasses, iris, and some other kinds of monocols have basal inter- 
calary meristems. This fact can be attested to by ainonc who has evei' 
IMishcd a lawnmower. An intercalary mcristem can be regarded as a por- 
tion of an apical-stem mcristem which has become scp.-uateil from the 
latter by diftcrentiation of ti.ssucs between it and the intercalary meri- 
stem. These meristems ultimately disappear, sooner or later in the life 

history of the plant becoming entirely converted into nomneri>teniatic 
tissues. 

33’hcther or not a mcristem will bt active at a given time depends 
upon both environmental and internal conditions. Mo.st apical-stem 
meristems of the woody jilants of temperate zones, for example, arc in- 
active during the winter months, largely because of unfavorable envi- 
ronmental conditions. This is particularly true during the latter part 
of the winter when the buds of most such species have jiassed out of the 
condition of dormancy (Chap. XXXIV). The contrarj^ situation is 
Illustrated by the many lateral-bud meristems on many kinds of plants 
which fail to develop even when environmental conditions are favorable 
as a result of the inhibiting effect of apical buds (Chap. XXXIII). 

G.'-owth which is initiated in ajiical-stcm and -root meristems is called 
Vnmary growth. Primary growth results in the construction of the 
Vnmary tissues of a plant, accounts for all incrca.se in length of the plant 
axis at both stem and root tips, results in the development of the branch- 
ing system of the stems and roots, and is responsible for the formation of 
a era appendages such as root hairs, leaves, and floral parts. 

• "^^ny species the primary tissues constitute the entire plant. This 

IS true of the pteridophytes and of many monocotvlcdons. In gvmno- 
Wms a„<l most dicotykJona, Imtvovor. slon.s and mots not only Ero.v 

dThfl T ''y “ proliferation of the fundamontal tissues 

result of tl composed, but also increase in diameter as a 

result of the activity of the vascular cambium. 

root°™Me(,'’'dr and 

of a via f " '•■■“'riom- Increase in the girth 

1“ after'ifer “ * T'"!,”' I''""'"’ "-“y '“r some 

of the tUneVo, , “"r enlargement in some 
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Tissues which arise as a result of the growth activity of vascular or 
cork cambiums arc called secondary tissues (sec later). 

Culture of Excised Plant Organs and Tissues on Synthetic Media.— r?d- 

ture of Root Tips . — The idea that the cultivation of excised plant and 

animal tissues or organs on sterile media would be a valuable technique 

in investigations of certain aspects of growth and metabolism has been 

entertained by (physiologists for many years. To date, however, only 

plant tissues have been successfidly cultured on purely synthetic media. 

The development of plant tissue culture techniques is reviewed by AVhite 
(1943). 

Excised root tips were the first (plant part to be successfully cultured 
as isolated organs on sterile synthetic media. Ti|PS of very young roots 
are cut off and transferred aseptically to a sterile culture medium. If 
the latter has a suitable com()osition (see later) and environmental con- 
ditions are favorable, the root ti(ps continue to grow and branch at rates 
approximating those of roots attached to the plant. After a week or 
longer one or more root tips on an original explant may be cut off and 
transferred as before. This procedure can be continued indefinitely, and 
tomato roots have been maintained in sterile culture, with weekly trans- 
fers, for more than seven years. 

The fact that the roots can be subcultured repeatedly shows that 
the only requirements for their maintained growth are the substances 
in the culture medium, since calculations indicate that, after a year 
or more, the material of the original root tip has become so diluted 
that many of its progeny, after successive subculturing, could not con- 
tain even a single molecule from the original root tip. Considerable inter- 
est therefore attaches to the substances which must be present in the 
culture medium if potentially unlimited growth of roots is to occur. 
Earlier investigators soon foun'd that the only necessary constituents 
which must be introduced into the medium (water or a dilute agar gel) 
were a carbohydrate (sucrose is generally used), essential mineral salts, 
and a trace of some organic material such as yeast extract. More recently 
it has been found that certain specific hormones or mixtures of hormones 
can be substituted for the yeast extract. 

The hormones which must be present in the culture medium as sub- 
stitutes for the yeast extract differ according to the species of root. 
Bonner and Devirian (1939) and Bonner (1940) list the necessary re- 
quirements for ten species. For all ten it was essential that thiamine 
be present in the medium if good growth was to be maintained; for flax 
roots no other growth substance was found necessary. For pea, radish, 
alfalfa, clover, and cotton roots nicotinic acid must also be present; for 
tomato and carrot roots, pyridoxine; for Datura and sunflower roots 
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both nicotinic acirl and pyridoxine. Slow rates of growth, however, could 
be ol)taincd with some of these species without addition of any hormones 
to the medium. 

Even roots from different varieties of the same species may react 
differently to the presence of hormones in a culture medium. Although 
apparently not required for the usual growth of tomato roots, some strains 
show a further increase in growth if nicotinic acid is also present in the 
medium while others do not (Bonner, 1943). 

An important inference to be drawn from these results is that roots 
do not synthesize, or at least do not synthesize in adequate quantities, 
those hormones which must be present in the medium if excised roots are 
to maintain a good rate of growth. In intact })lants these substances 
are translocated from aerial organs to the roots. Both inferential, and 
some direct, evidence indicates that other growth substances, i^resumably 
also required in root metabolism, are synthesized in adequate quantities 
in the loots of at least some species. Among these are auxin, biotin 
(Bonner, 1940), and riboflavin (Bonner, 1942). 


It has not yet been found possible to obtain continued growth in 
sterile culture of excised roots of a number of species which have been 
tried. This has been particularly tine of the roots of monocotyledons. 
Alinestrand (1950), for examjile, in spite of extensive experimentation, 
was unable to obtain continued growth of excised barley or oat roots 
in sterile culture. It seems probable that unknown growth factors are 
required for continued growth of such roots, and that in intact plants 
these factors may be translocated to the roots from the aerial organs. 

Culture of Excised Stem Tips.— The first fully successful attempts 
to culture excised stem tips on sterile media were those of Loo (1945, 
1946) who used the stem tips of asparagus. The excised stem tips were 
cultured through a series of thirty-five transfers over a period of twenty- 
two months. Growth thus appeared to be potentially unlimited. The 
on y constituents found to be essential in the agar or water medium 
were sucrose and mineral salts. These results were obtained only under 
amuse light; m darkness growth of the excised stem tips soon stopped 
Apparently some necessary, but unknown, growth substances in such 

ordTnanf T ^he light but not in the dark. Roots did not 

less sfprrf explants. The growth rate of the excised, root- 
intact considerably slower than that of the stem tips of 

stem tin. T f conditions. Growth rates of the occasional 

rates of ,oot7e.I'stem1i^™‘°'’'’‘‘ S'-" "' 

asnarnl”.! that roots will form on the base of excised 

P gus stem tips in the dark but not in the light if indoleacetic acid 
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IS present in the medium. Stem tips siibcultured in the dark continue 

to grow hut lose their capacity to root when later exposed to indoleacetic 

acid although this capacity will he regained if the tijis are first exposed 

to light for a week in the ahsence of in.lolcacetic acid. One implication of 

these results is that some suhstance other than auxin which is necessary 

for root initiation is made in the stems in the light, and is depleted hy 

pro onged culture in the dark. This suhstance may correspond to the 
so-callcd “rliizocaline” (set* later). 

Stem tipj> of lupine and na.^turtinm have been cultured, but not sub- 
cultured, on sterile media containing only sucrose and mineral salts by 
Ball (1946). Roots regularly formed on the excised stem tips of these 
species with the end result that complete plantlets developed in the cul- 
tures. Somewhat similar results were obtained by de Rojip (1946) with 
exciserl stem tips of rye. Continued growth of stems and leaves in the 
dark occurred only on those isolated stem tijis on which roots regenerated; 

V hen roots failed to form growth was confined to the first leaf. 

of Plant Tissnefi on Synthetic Media. — C’ultures of excised stem 
and root tips can most aiipropriately be leferred to as organ cultures. In 
contrast with such cultures are those in which individual tissues of plants 
ha^'e been used. As examples of such work may be cited the culture on 
sterile merlia of “callus” tissue de^'elopcd from the procambium of to- 
iiacco stems (AA hitc, 1939a), of cambium (CTautherct, 1949), and of 
i>acteria-frco crown-gall tissue of sunflower (Rikcr and Gutsche, 1948). 

The technique of tissue culture afforrls one important mode of approach 
to the problem of the conrlitions go\’(‘i'ning the differentiation of organs. 


Tobacco callus tissue continues to de\'elop as an undifferentiated mass 
of cells on the surface of the medium, but if submerged in an aqueous 
medium develops stems arul roots (AA’hite, 1939b, Skoog, 1944). Further 
investigations (Skoog and Tsui, 1948) have showed that auxins (indo- 
leacetic acid, cc-najdithalene acetic acid) favor root initiation on such 
callus tissues, but inhibit bud formation. Adenine (Chap. XX) and cer- 
tain other chemically similar compounds were found to have a seemingly 
specific effect in inducing bud initiation on such tissues. Further devel- 
opment of buds into plantlets, however, required that roots also be 
present. 

Dynamics of Primary Growth. — Most of our knowledge of the cellular 
dynamics of primary grow'th (growth initiated at apical meristems) has 
been gained from the study under the microscope of thin sections of 
tissue cut longitudinally tiirough apical stem or root meristems or cut 
crosswise at different distances back from the tip of .'tich meristems. 
Since the developmental stages through which the cells at any lev^I of 
a stem or root axis pass can be found at any given moment in successive 
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levels of the axis, each in turn further away from the apex, the pro- 
gressive series of modifications wliich cells undergo during the growth 
process can be inferred from a study of such tissue sections under the 
microscope. This is an indirect approach to the problem of growth 
dynamics since such .sections portray to us only the results of growth 
activity up to the moment the tissue was killed and cannot convey any 
impression of the cellular dynamics of the process. Another difficulty 
with this approach is that it docs not permit observation of the behavior 
of any single cell and its progeny through the exact series of changes 
which they undergo during growth. In spite of the limitations of this 
method it has been possible to infer many important facts regarding 
the behavior of cells during growth by a study of thin sections of tissu^v 
cut thrtjugh growing regions. 

Prunary Growth of Roots . — Examination of a median longitudinal 
section through a root tip (Fig. 66) shows that the region just back of 
the root caj) is one of intense meristcmatic activity. The very youngest 
part of this meristematic region is called the projneristem. The central 
portion of the root promeristem becomes transformed, during growth, 
into the procambium from which develop, in turn, the vascular tissues! 

The colls throughout the meristematic region are relatively small, 
thin-walled, and approximately isodiametric. The vacuoles are minute! 
and the nuclei are relatively large, although in absolute size they are 
smaller than in mature cells (Trombetta, 1939). Intercellular spaces 
are lacking. Cell divisions are of frequent occurrence in this region and 
are accompanied by some enlargement of the cells. 

From certain of the apical cells of the promeristem, called initials, 
originate, directly or indirectly after intervening cell divisions, all new 
cells formed in the growth process at a root tip. One of the daughter cells 
resulting from each division of an initial retains its position and iden- 
tity as an initial. From several to many generations of cell progeny may 
arise from the other, but ordinarily all of the ultimate offspring of this 
aughter cell become differentiated into cells characteristic of the tissue 

Ir Z ^ cap are also formed 

Inr. -f divisions in an apical root meristem occur both 

ongitudina ly and in variously oriented lateral planes, thus giving rise to 
the typically cylindrical configuration of a root. ^ « lo 

tha^a meristematic zone is a short region-seldom more 

in 0 elongation of cells continues, but 

cell divLfon K T 1 ^" enlargement occurs .luring 

this usually the increase in the size of cells occurring during 

P e of growth is small compared with that taking place subse- 
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qncntly. Inrroa?=c in the volume of all cells does not occur equally, neither 
do tlipy all enlarj^e symmetrically along ail axes. Hence cells of very 
diverse sizes and configurations arise in plant tissues. 

The fact that dui’ing (‘nlai’geiiK'nt cells acrjuire a wide assortment 
of sizes and configurations requires that each cell must in some manner 
hecome adjusted to the changes in size and shape which take place in 
adjacent cells. A given cell may, for example, he in contact with other 
cells which have very difh'rent rates of enlargement. Several methods 
1)\ ^\hich such an adjust lueiit in configuration can he accomplished have 
heen suggested. I)ut oiu' ul the most important ajijK'ars to be that of 
different latc’s of expansion iu differ(‘nt pai'ts of tlie wall of a given cell 
(Sinnott and RIocli, tlu' rate in each area of the wall correspond- 

ing to that of the area of the wall of the adjacent cell with which it is 
in conta(*t. 


Since many of the cells originating at an apical-root mei’istem (mlarge 
principally in a direction parallel to tlu* long axis of the root, this jdiase 
of growth is often calhal cell eloiujatloi}. The* continued formation of new 
cells hy division and ttieir elongation n'sult in jirojecting the root tij) for- 
ward. which is one of the most ol)vious manifestations of its apical 
growt h. 

Dirf('r(‘nt iation of some of the kinds of colls in a growing root axis 
occurs much clos(‘r to the apex than others. Particular interest attaches 
to file stage in the growtii of a root at which the vascular tissues develop, 
l>ecauso of the ])art playc'd hy them in translocation processes. In roots 

and pliloem fliffercntiate only acropetally and as continua- 
tions of the older xylom and phloem in the more basal part of the root. 
In general, phlocan tissues differentiate much closer to the apex of the 
root than xylem tissues. In tobacco root tips developing sieve tubes are 
present within less tlian 290 |j. of the apex of the meristem, which is well 


witliin the region in which cell divisions arc occurring (Esau, 1941). First 
differentiation of xylem tissues in this species, on the other hand, occurs 
at least twice as far back of the apical initials as first differentiation 
of phloem tissues (Fig. 139); this is within the region in which elonga- 
tion of many cells is still in progress. 

Techniques hy which the dynamics of the growth process in living 
root tips can be observed while actually in progress have been devised 
and used by Brumfielfl (1942) and Gooflwin and Stepka (1945). In the 
root tips of timothy (Phleum prafe.nfic), used in these investigations, 
two rather distinct regions can bo recognized in the meristematic zone. 
One of these, about 300 [j. long, lies immediately adjacent to the root cap 
and is characterized by a relatively slow rate of cell division accompanied 
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by a limited amount of cell elongation. Just hack of thi.s region is a 

shorter zone — about 125 [a long— in which cell division and cell elongation 

are both relatively ra]iid. Cells in this region are simultaneously dividing 

and vacuolating. Back of the meristematic region is a zone about 600 g 

long in which cell divisions have ceased, but in which cell elongation con- 
tinues slowly. 

As previously described for the tobacco root, differentiation of sieve 
tubes occurs in the roots of timothy well in advance of differentiation 
of xylary elements. Fully differentiated sieve tubes are ju-esent within 
230 [A of the base of the root cap. The youngest xylary elements to show' 
charactcri.stic secondary wall thickenings were not found to be present 
closer to the root tij) than a point 740 |a back of that at w Inch fidly differ- 
entiated sieve tubes are [ircscnt. As in the tobacco root, differentiation 
of sie'v e tubes is completed well within the region in which many cells 
are still dividing; differentiation of vessels begins in the uiijier part of 
the region of cell elongation. The first phloem elements to form in a 
root tip are usually crushed or distorted by the continued division and 
elongation of surrounding cells. Likewise, the first vessels to form are 
usually stretched and often torn or destroyed as a result of the continued 
elongation of surrounding cells. 

Primary Growth of Stems . — The meristematic region at a stem tip is 
fundamentally similar to that at a root tip, but its behavior is more 
complicated smee growth at a stem tip involves not only proliferation 
of the stem axis, but also the formation of leaves anti other lateral organs, 
rhe youngest and most apical portion of a stem tip is called the promer- 
isfem, this is not more than a few hundred microns in length (Fig. 140). 

unng growth a part of the promeristem is gradually transformed into 
a procambium from which the primary vascular tissues develop. 

he cells in a stem tip meristem have thin, delicate walls and are 

^ isodiametric. During active growth cell divisions are of 
eq ient occurrence throughout this region. The mass of cells in the meri- 

iinuitv ITT ^ condition, and its con- 

arc relatvl intercellular spaces. The nuclei 

tmv cells although actually they are smaller than in ma- 

stemTnd ^>*0 cells m the younger portions of apical- 

The celts in oldeT” T"'" (^Arkle, 1937) . 

• hesimultanp ^ apical-stem meristem show evidence of 

a; h. 1 T '■"‘^^■“lation (Priestley, 1929). 

the pTm Tc T T'" “>• of 

any growimr st"™ "r A” "ow cells formed at 

g em tip originate from these persistently meristematic cells. 
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( fll (li\isions in apical-stem meristems occur both longitudinally and in 
various lateral i)lancs, thus giving rise to the more or less cylindrical con- 
figuration of the typical stem. 

As in root-tij) meristems some enlargement of cells occurs during the 
cell (li\'i.<ion })hasc of growth, but in tlie develoi^ment of many kinds of 
cells most enlargeiiu'iit or elongation occurs after cell division. As in roots. 
celN of very difterent sliapes and sizes arise as a result of difYerential en- 



Fui. 140. Longitudinal .section of the apical-stem tip of coleus. The apica ni ^ 
stern apficars hetwccn the two first, only partly developed, leaves. JuJ=t 
appearing as shoulders on the sides of the stem, are bases of the -j 

leaves, which are borne oppositely to the first pair. Farther below is the > 
pair of leaves in the axils of each of which is a young lateral bud. 
the top of the apical meristem to the base of the section is 0.86 mm. ^ 

micrograph by Tillman Johnson. 
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largement. Many cells become distinctly elongate in shape during this 
phase of growth. During enlargement of cells in an apical-stem meristem 
intercellular spaces may be formed. Both the continued formation of new 
cells by division and their elongation contribute toward the lengthening 
of a stem, which is one of the most obvious aspects of apical stem growth. 

Cell division in stems is generally restricted to the uppermost inter- 
nodes, but the elongation of cells often extends over a long series of in- 
ternodes. The rate of elongation becomes progressively slower, however, 
with increasing distance of the internode from the stem tip. The elonga- 
tion region back of a stem tip is sometimes as much as 10 cm. in length, 
and in twining plants even longer. 

Investigators of the differentiation phase of growth in apical-stem meri- 
stems have focused most of their attention on the development of the 
vascular tissues. The first vascular strands to appear in stem apices orig- 
inate in connection with the developing leaf primordia. The details of 
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tins differentiation process have been studied by Esau (1938, 1943a, 
1943b, 19451 in tobacco, flax, sunflower, and elder. Differentiation of 
pi ()eainl)iuni, in continuity with tlie procainbiuin of the older bundles in 
the axis, and acropetally into the leaves, j)recedes differentiation of the 
vascular tissues. As in roots i)hlocni tissues differentiate earlier in the 
ontogeny ot a stein than the xylary elements of the same strand (Fig. 
141 ). 4 he first x^'Iem generally aj)])ears at the base of the leaf primordium 
or in the i>riniordium itself, whence it differentiates both acropetally into 
the leaf primordium and basipetally into the stem axis until it unites 
with older strands of xylein. Differentiation of the phloem, on the other 
hand, apiiears to occur only acropetally into each leaf primordium as a 
continuation ot the* older phloem in the stem axis. Crushing, or distortion, 
or stretching of the first phloem or xylem elements formed in a stein tip 
may occur in much the same manner as in a root tip as previously de- 
scribed. 

Physiological Asjiects of ('cll Division , — The portion of a meristem in 
which cell divisions are of frequent occurrence is a center of intense assim- 
ilatory acti\'ity. Since c'very cell formed as a result of mitosis contains its 
o\\ n complement of protoplasm, anil since every cell division in\'olves the 
loriuation of a cross wall between the two daughter cells as well as some 
extension of existing walls, both carbohydrates and proteinaceous foods 
are assimilated in relatively large (piantities during cell division. Cellu- 
lose, pectic comj)ounds, and other cell-wall constituents are synthesized 
from the molecules of simple soluble carbohydrates. Protoplasmic pro- 
teins are formed from amino acids, acid amides, or related compounds. 
Such substances are probably transported to meristems from tlic tissues 
in which they are synthesized, although it is possible that some of them 
may be synthesized in meristems from carbohydrates or derivatives there- 
from, and from nitrogenous compounds. The close interrelation of growth, 
protein synthesis, and respiration is stressed in Chap. XXVI. 

Utilization of water in the hydration of newly formed protoplasm and 
cell walls, and to a limited degree in vacuolation, also occurs during cell 


division. 

Certainly most and j)robal)ly all of tlie essential mineral elements must 
be present, as constituents of one kind of compound or another, in meri- 
stematic cells if their physiological activity is to continue unimpaired. 
Some of these arc translocated to meristernatic cells as simple inorganic 
salts, others as components of more complex organic compounds. 

During mitosis, therefore, a continuous translocation of water and 
various kinds of solutes is in progress toward the dividing cells. Significant 
in this connection is the fact that the sieve tubes, through w^hich at least 
part of the solutes are presumably transported into a meristem, differen- 
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tiate well into the zone of dividing cells. Translocation of solutes beyond 
the limits of the vascular elements must be by cell-to-cell movement. 
Since the rate of movement of solutes into such cells is usually too rapid 
to be accounted for by diffusion, it seems likely that such cells possess 
the capacity of accumulating solutes or of accelerating the rate at which 
they are translocated as a result of metabolic activity. !Much cell-to-cell 
movement of water oi)viously also occurs in meristems. Sucli passage of 
water from one meristematic cell to another is proI)ably accomplished by 
osmotic and imbibitional mechanisms, althougli the possibility of a met- 

abolically activated rnovetnent of water through such cells cannot be 
entirely disregarded (Chap. VIII). 

Regions of dividing cells are invariably centers of intense respiratory 
as well as assimilatory activity, and considerable quantities of carbohy- 
drates are oxidized in such cells. A direct correlation has been demon- 
strated between the mitotic rate and rate of oxygen consumption in young 
leaves (Beatty, 1946). Cell for cell the respiratoiy rate in meristematic 
regions is higher than in fully differentiated tissues. Dividing cells utilize 
energy m various ways, a number of which are mentioned in Chap. XXL 

Maintenance of the process of cell division requires the presence in the 

cells of numerous growth-regulating substances. Many of these belong in 

he category of enzymes or coenzymes; others would ordinarily lie classed 

as loiinones oi vitamins; all of them participate in essential reactions 
01 the metabolic mechanism. 


S shown in the previous diseussion, all species of roots that have been 
experimented with by the technique of sterile culture of excised root tips 
require that thiamine must be present in the medium if continued elonga- 
tion of roots IS to occur. In addition, many kinds of roots require the 
presence of one or both of tlie compoumis pyridoxinc and nicotinic acid. 

hitact plants tliese substances arc trans- 

mpnt? 7'^ 7'^ meristems (Chap. XXVIIl). As 

onec earlier other important hormones such as riboflavin, biotin 

of atT^7 synthesized in adequate quantities in the roots 

01 at least some species. 

self-sufficient in svn- 

tion7d ellipr substances than apical-root meristems. As mcn- 

ordinarilv do nntT'"'^ asparagus, for example, on which roots 

"ties Nevertb7" necessarily in optimal quam 

favors an enh« ®uch excised stem tips usually 

anced rate of elongation of the stem, and there is evidence 
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that this effect is not principally a result of the presence of a better ab- 
sorptive system. A more probable explanation is that one or more hor- 
mones, synthesized in the roo^s, are translocated into the steins, favoring 
their more rapid elongation. This substance or complex of substances may 
correspond to the postulated “caulocaline^’ (Chap. XXVHI). AVent and 
Bonner (1943) have presented strong circumstantial evidence for the 
existence of such a hormone in plants. That it need not come directly 
from the roots is shown by the fact that application of a diffusate from 
pea cotyledons or coconut milk has an effect on the growth of stems from 
which roots have been removed similar to that of attached roots. Aeration 
of roots appears to be an important factor in “caulocaline” synthesis, at 
least in the roots of many species (AVent, 1943), and one cause of the 
injurious effects on plants of inadequate aeration of roots may be inter- 
ference with caulocaline synthesis. 

Physiological Aspects of Cell Enlargement . — The increase in size of 
plant cells involves an increase — often manyfold — in the volume of the 
vacuoles, and an areal extension of the cell walls. Some increase in the 
thickness of the cell walls also often occurs during this phase of growth. 
During the enlargement of a cell additional protoplasm is usually syn- 
thesized, but the increase in quantity of cell-wall material — principally 
cellulose and pectic compounds — is proportionately greater than the in- 
crease in quantity of protoplasm. Hence the proportion of carbohydrate 
to proteinaceous foods assimilated during cell enlargement is greater than 
during cell division. 

As cells increase in volume there is a movement of water into the en- 
larging vacuoles. AA'ater is also used in the hydration of the protoplasm 
and cell walls which are constructed during cell enlargement. Relatively 
large quantities of water therefore become integral parts of each cell 
system during this stage of growth. In most kinds of plant cells, as they 
increase in size, the cytoplasm gradually becomes attenuated into a thin 
layer which lines the inside of the cell wall, against which it is held by 
the turgor pressure of the water in the vacuole. 

Regions in which enlargement of most or all of the cells is proceeding 
rapidly are centers of relatively high respiratory activity. Cell for cell, 
the rate of respiration of enlarging cells is probably not much less than 
that of dividing cells. 

Rapid translocation of both water and solutes is continuously in prog- 
ress into any region of enlarging cells. 

Despite the presence of differentiated vascular elements, considerable 
cell-to-cell movement of water and solutes must occur in meristematic 
zones in which cell enlargement is prevalent. The same mechanisms of 
water and solute movement are doubtless operative in this part of a 
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meristem as in the younger portion in which cell division is the predomi- 
nant phase of growth. 

As discussed in the preceding chapter, areal extension of cell walls 
occurs only in the presence of specific substances called auxins. 

Two main views regarding the mechanism of cell enlargement have 
been advanced. One of these holds that the cell wall must first be sub- 
jected to elastic (reversible) or plastic (irreversible) stretching as a result 
of a turgor pressure developed by the cell sap. The latter view is sup- 
ported especially by Heyn (1940). While in the stretched condition it is 
assumed that the material substance of the wall is increased, either by 
the intercalation of additional molecules in the wall (intussusception), 
)y the deposition of additional molecules on the cell-wall layers already 
present (apposition), or by a combination of these two processes. Plastic 
extension of a wall alone would also result in an increase in its area, but 

if this occurs unaccompanied by the incorporation of new material the 
wall necessarily becomes thinner. 

A second hypothesis holds that active growth of the cell wall is the 
primary step in cell enlargen ent. Growth of the wall is believed to result 
rom the intercalation of additional molecules between those already 
present. Entrance of water into the cell is considered to be a result of the 
increase in the volume of the cell rather than its cause. Ursprung and 
Hlums (1918) finding that, although the diffusion-pressure deficit of 
( iMc ing cells is relatively high, because of the appreciable concentration 
ot solutes present, their turgor pressure is low, is considered to be evidence 
m support of this hypothesis. Continued areal extension of the wall would 
keep the wall pressure and hence the turgor pressure of the cell at a low 


Phy^ological Aspects of Cell Differentiation.— Size differentiation of a 
ft" usually completed during the enlargement phase of 

s grow . he cells of various tissues differ, however, not only in spatial 
mensions but also in various structural features, most of which do not 
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cells and tissue elements become pitted while in others distinctive struc- 
tural features are developed, the most striking of which are the spiral 
and other characteristic thickenings of the walls of the xylem vessels. 

Chemical differentiation of cell walls often accompanies their struc- 
tural differentiation. The walls of some cells, such as those of the pith, 
the living cells of the phloem, and most of the cells in the cortex, retain 
their original celliilose-pectic composition indefinitely. The walls of other 
cells, such as those of most of the xylem tissues, become lignified. Simi- 
larly suberin lamellae develop in the walls of cork cells and some others. 

In general the protoplasm soon disappears from those cells in which the 
walls become lignified, while those in which such a chemical modification 
of the wall does not occur retain their protoplasm in an unimpaired con- 
dition for a much longer period. Further structural differentiation of the 
w'alls of cells in which the protoplast dies, such as vessels, tracheids, and 
fibers, occurs only by such i)urely physicochemical processes as continue 
in them, or under the influence of the activities of adjacent living cells. 
The changes occurring in the heartwood of trees, for example, are a result 
of such procc'sses. Disintegration of certain parts of some kinds of cells 
may also occur while structural modifications are proceeding in other 
parts of the same cell. The most familiar example of this is the disap- 
pearance ot the cross w'alis betw'een the xylem elements in the formation 
of vessels. 


Assimilation ot carhohyrlrates occurs in all types of cell differentiation 
involving a thickening of the cell walls, but little or no formation of 
protoplasmic proteins occurs during this phase of the growth process. 
The respiratory activity of even those fully differentiated cells which re- 
tain tlieir protoplasm is generally less than that of dividing or enlarging 
cells. 

Development of Lateral Organs. — Leaves originate from the leaf pri- 
mordia which are small protuberances which develop laterally from an 
apical-stem meristem close to its apex (Fig. 140). The histogenic develop- 
ment of a leaf from its primordium does not follow' the same pattern in 
all species (Foster, 1936), although there are many points of similarity 
in the development of most kinds of leaves. As an example we may con- 
sider the development of the tobacco leaf (Avery, 1933). A single apical 
cell of the leaf primordium continues to form new cells until the leaf is 
2-3 mm. long; then its activity ceases. A midrib primordium develops as 
a result of subsequent divisions of these newly-formed cells, no lamina 
being present until the leaf is about 0.6 mm. long. The lamina originates 
from two rows of subepidermal meristematic cells, one on each side of 
the midrib primordium. Subsequent divisions, enlargement, and differen- 
tiation of these cells result in the development of all of the mesophyll 
tissues, including the lateral veins. The epidermis increases in area as a 
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result of continued division and enlargement of the epidermal cells. Cell 
divisions cease first in the epidermis, followed in order by the middle and 
lower mesophyll, and the palisade layers. The tissues of the lateral veins 
may continue to develop long after cell division has stop|)ed in other 
parts of the leaf. Although cessation of cell division occurs first in the 
epidermis, enlargement of the cells in this layer continues longer than in 
any other tissue of the leaf. Intercellular spaces do not develop markedly 
until the leaf has attained one-fourth to one-third its final size. 

Evidence from various sources indicates that auxins jilay an essential 
role in the elongation cf the ]ietiote, midrib, and larger lateral v'eins of 
leaves, but growth substances other than auxin seem to be rcriuired for 
expansion of the leaf blade. When seedlings of dicotyledonous species 
develop in total darkness, little or no expansion of the leaf blade occurs. 
A very brief exposure to light of relatively low irradiance is sufficient to 
induce a considerable increase in area of the leaf blade (Chap. XXX). 
The expansion of such leaves apiiears to be (le])endent ujion a jihoto- 
chemical reaction which iiresumably is an essential .stej) in the .synthe.'-i,- 
of some necessary growth substance. In a search for clues to the physio- 
ogical mechanism of leaf expansion several investigators have attempted 
to discover compounds which will induce this phenomenon independently 
of light. Adenine (Bonner et ai, 1939) has been found to favor enlarge- 
ment growth in detached radish and pea leaves, but other investigators 
have found this compound not to be effective with some other kinds of 
eaves. Coumann has been found to promote leaf cxjiansion in leaves of 
some species (Chap. XXVIII), and cobalt and nickel salts apparently 
ave a similar effect on etiolated bean leaves (Chap. XXV). The sig- 
nificance of these various findings and their relation to the light-activated 
enlargement of leaf blades is not yet clear. 

The origin of lateral roots has already been discussed from an anatom- 
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not one of the rudimentary stem tips which is an essential part of a bud 
will ever resume growth depends in part on environmental, and in part 
on internal conditions. 

Lateral Growth of Stems and Roots. — Growth in diameter of roots and 
stems results principally from the activities of lateral meristems called 
cambiums. Such meristems are responsible for the secondary growth of 
plants, i.e,y the formation of secondary tissues. The most important of 
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these merisli^ms is the vascular cambium 
(commonly i^ferre^to simply as “cam- 
bium”) which S present in the stems and 
roots of gyranosperms and most dicotyle- 
dons. The vascular cambium consists typi- 
cally of a uniseriate layer of cells that is 
located between the xylem and phloem. In 
most plants in which it occurs this cambium 
constitutes an almost continuous sheath of 
cells extending from just back of every root 
tip to just below every stem apex. This con- 
tinuous lamina of cambium is broken, in 


most species, only at the leaf gaps and 
branch gaps (Fig. 142) which occur just 
above the strands of vascular tissue which 
lead to the leaves and stems. Usually, how- 
ever, even such gaps are found only in the 
young parts of the axis, since they are 
gradually bridged by extensions of the cambium layer as the stem grows 


Fig. 142. Diagram of a por- 
tion of the vascular cylinder 
of a stem illustrating leaf 
and branch gaps. Redrawn 
from Fames and MacDaniels 

(1947). 


older. 

Structurally cambium cells are of two distinct types. The vascular ray 
initials from which’the vascular rays develop are more or less isodiametnc. 
The vertically elongated elements of the xylem and phloem develop from 
a second and more abundant type of cambium initial. As viewed in cross 
section the tangential width of cambium cells of this fusiform type is 
usually several times as great as their radial width. The length of such a 
cambium cell usually exceeds even the greatest of its cross-sectional di- 
mensions by many times (Fig. 143). The cambium initials of a tulip tree, 
for example, are about 600 |jl long, 25 p. in tangential width, and 8 |x 
radial width. Much longer cambium cells have been reported in the stems 
of some conifers. In the white pine they may attain lengths up to 4000 |A- 
In the Scotch pine {Pinus sylvestris) the fusiform cambial cells have, on 
an average, 18 faces (Dodd, 1948). Cambium cells are vacuolated and 
often prominently so (Bailey, 1930), and often show protoplasmic stream- 
ing. 



LATERAL GROWTH OF STEMS AND ROOTS 












o‘J!) 

Tlic cambium usually becomes active in the formation of new cells 
before immary growth has entirely ceased in all of the tissues at the 
corresponding level of the stem. Successive divisions 
of cambitim cells at right angles to their radial a.xis 
result in the development of secondary xylem on its 
inner face and secondary phloem on its outer face and 
cause an increase in the diameter of the axis. Increa.se 
in length of the vascular rays also occurs as a result of 
cambial activity. The secondary xylem and secondary 
|)hlocm lie between the primary xylem and primary 
phloem, as the contluctive tissues formed during jui- 
marj giouth aie t(*rmed. All increase m the dianK‘t(.‘r 
of stems resulting fi-om cambial a< tivity is cau.sed by 
the formation of ailditional layei’s of ])ldoem and xy- 
lem within the body of the stem. In annual plants, or 
in perennial siiecies in which the stems die down to 
the ground at the end of each growing season, second- 
ary growth never continues beyond the current sea- 
son. In species with woody stems new layers of both 
xylem and phloem are developed during each period 
of cambial activity, so that such species exhibit an 
annual increase in diameter. In some woody peren- 
nials tlie va.scular cambium may continue to develoi) 
secondary tissues for hundreds of years, cambial 
activity being resumed periodically with the advent 
of each growing season. Since in such siiecies the 
older phloem is first converted into bark and is even- 
tually sloughed off, the bulk of the structure of 

all older stems and roots is composed of secondarv 
xylem. 

Cells originating from the cambium pass through 
he same three morphological stages of growth as do 
those developed from apical rneristems. Formation of 
a new cel m the xylem is initiated by division of one 

(level^ ^ cambium layer, the new cell wall 
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Fk:. 143. Per- 
sjjective view of 
typical fuisiform 
cambium cell. 
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ally happens in tlie formation of wood parenchyma cells during which 
« li r 0 ^ 1 1 is cut into a v^dical series of cells by transverse 

di\’isions. Trncheids, filx'rs, vessels, wood parenchyma, and wood-ray cells 
arc developed in the xylem from the camhial derivatives (Chap. XII). 

A new ])hloem cell is initiated in a similar manner from the outer of 
the t \^'0 daughter cells after division of a cambium cell (Fig. 51). These 
outer cells may develop directly into mature ])hloem elements, or may 
first divide before maturation ensues. In general, di\'ision of the phloem 
mother cells l)efore maturation appears to be of more frequent occur- 
rence than division of tlie corresponding xylem mother cells. Maturation 
of the camhial derivatives formed on the outer face of the cambium 
results in tlie development of sieve tubes. comi)anion cells, phloem pa- 
renchyma, phloem-ray cells, and phloem-fiber cells (Chap. XXVII). 

Continuation of secondary growth from the cambium results during 
each growing season in the development of a zone of secondaiy xylem 
cells inside of the cambium, and a zone of secondary phloem exterior to 



Fig. 144. Diagram illustrating two methods by which cambium cells 
resulting in the formation of additional cambium cells. {A) and (^) ® 

in the radial division of a cambium cell. (D) to {G) four stages in the 
transverse” division of a cambium cell followed by a sliding of the two eri 

live cambium cells past each other. 
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it. The enlargement of the xylem cells originating from the cambium ini- 
tials results in outward movement of the cambium and all of the cells 
lying outside of this layer, necessarily resulting in an increase in the girth 
of the cambium cylinder. Enlargement of the immature phloem cells de- 
veloped from the cambium, on the other hand, results in outward move- 
ment only of the phloem and tissues external to it. Generally several 
times as many new xylem elements as phloem elements are formed from 


the cambium during a period of growth activity. 

Division of the cambium cells results not only in the formation of 
secondary phloem and xylem, but also, as the stem grows in diameter, 
m an increase of the girth of the cambium layer. Some increase in the 
circumference of the cambium cylinder results from a lengthening of the 
cambium initials along their tangential axis as seen in cross section, but 
mostly this is brought about by an increase in the number of cells around 
the cylinder as the stem grows older. According to Bailey (1923) two 
principal methods by which this occurs can be recognized. New cambium 
cells may result from radial divisions of older cambium initials (Fig. 
144 A-B), or by “pseudo-transverse” divisions followed by a sliding of 
the derivatives past each other (Fig. 144 D-G). Each of these methods 
of multiplication of cambium cells is characteristic of certain species. 

\ascular cambiums, in the usual sense of the term, are not present in 
the monocotyledons, although traces of cambial-like activity often occur 
m the vascular bundles. In some tree-like species of monocotyledons, 
owever, secondary thickening of the stem results from the operation of 
a special kind of lateral meristem which is usually considered to be a type 
of cambium. This meristem occurs as a cylinder of tissue near the periph- 
ery of the stem. Unlike the cambium of dicotyledons and gymnosperms, 

I does not produce phloem on the outside and xylem on the inside but 
orms complete vascular bundles and intervening parenchyma tissue 
owar t e interior of the stem. These secondary vascular bundles are 
us present in stems in a cylinder of tissues outside of the primary tis- 

bundles are located. A limited amount of pa- 
formed by such cambiums toward the exterior. 
presentT meristem is the cork cambium or phellogen, 

'first cork ^ I" the 

of tissue develops as a continuous uniseriate cylinder 

the i'^^t beneath 

Ogous to that of operation of a cork cambium as a meristem is anal- 

of cork clmhb ^ ^^^bium. As a result of tangential divisions 

nallv anH^ cells, layers of eork cells (phellum) are formed exter- 

In most sne phelloderm cells are formed internally (Fig. 145). 

n most species more phellum cells than phelloderm cells are formed as 
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the result of cork cambium activity, but in a few the opposite is true, 
and in some no phelloderm cells are formed. Mature cells of the cork or 
phellum layer are nonliving and are characterized by the presence of 
subeu’in lamellae in the walls which renders them highly impermeable to 
water. Phellogen cells are living cells, more or less loosely arranged, and 

often resemble cortical cells. The en- 
tire system of phellum, phellogen, and 
phelloderm is often called the 'pen- 
derm. 

Tn some species, such as birch, iron- 
wood iCarpitnis) , and beech, the in- 
itial cork cambium jicrsists for many 

vears or even for the entire life of the 
% 

tree. In the majority of woody spe- 
cies, however, the first cork cambium 
ceases activity after a relatively brief 
time, and is replaced by other rela- 
ti\'elv short-lived cork cambiums 
which arise progressively more and 
more deeply in the tissues of the stem 
or root. Each such cork cambium is 
a uniseriate layer of cells; as a rule 
relatively small in area. Such second- 
ary cork cambiums usually arise first 
in the cortex, still later in the i)cri- 
cyclc, and finally in the secondary 
phloem. They operate as meristems 
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Fm. 145. Diaiinun.'^ .showing for- 
mation of cork in stem of gera- 
nium {Pelanjonunn) . (d) Divi- 
sion of outer cortex cell.<, forming 
a cork cambium. (/?) First layer 
of cork cells has formed. (C) Sev- 
eral layers of mature cork cells 

have formed. 


in essentially the same manner as 
the initial cork cambium. The various layers of cork cells formed over- 
lap or join each other in one way or another so that a continuous corky 
layer, except for lenticels, completely encloses all woody parts of stems 
and roots. In ohlcr tree trunks of many species all periderm layers 
liave developed in the secondaiy phloem. The older bark of such trees 
thus consists of alternating layers of cork and dead phloem cells ( ig* 
146). , 

The same, or at least very similar, physiological processes undoubte y 
accompany the different stages in the growth of cells originating rom 
the various kinds of cambial initials as accompany the correspon mg 

stages in the growth of cells arising from apical initials. 

Measures or Indices of Growth. — It is frequently desirable to give some 
sort of a quantitative expression to the amount of growth which is ac 
complished by a plant or a group of plants during a given period of time. 
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cork 




o/dcork ce/h 
cork cambium 
phloem 



phloem 


Jk; 14(). Diagrams showing dovolopment of cork in woodv stems. (.1) Cork 
cambium developing in the outer cortex of a young stem, (/i) Later stage. Cork 
. ibmms forming deeper m the cortex. Epidermis ruiitured. (C) Still later 
■ a^e. (,ork camhnim.s forming m the old phloem. Older cork being shed as the 

stem enlarge.s. Redrawn from Karnes and MacDaniels (1947). 

The itnncipal indices wliich have been einitloyed for this imrpose are 
) increase in the length of tlic stem, root, or other organ of the plant 
increase in the area of the leaves, (3) increase in the tliameter of the 
s em or other organ), (4) increase in volmne (esiiccially of fruits) (5) 

and (6) fresh weight increment. 

jx^fH^these indices have at least a limited value as measures of growth, 
h!dat*^r various practical standpoints. Determinations of the 

forStrJ^" of forest trees, for example, are standard 

sideralder productivity of forests and have con- 

Of drv hal r ir r r purposes. Similarly, the number of tons 

would usuallv t’'" of cabbage or spinach produced per acre 

pra^caTfallr j; 

titative phieV f " "measures only certain quan- 

on rwdght bu ^ '-''ance 

quantitate chann " 

weight but oualtc ’ongth and girth and increase in 

ferenccs in gro™h L I qualitative dif- 

or practical imnort "" *^oientific significance 

not primartttet '' ,\"-f*fative differences. The floricturist is 

y terested m the pounds of plant substance produced nor 
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the height t j which his plants grow, if they bear flowers which will be 
attractive to his customers. Likewise, the orchardist is much more inter- 
ested in the development of the fruits on his tree than in the increase in 
the height or weight of their vegetative organs. Evidence of this difficulty 
in giving adequate expression to the results of growth phenomena is seen 
in the common expedient of investigators in relying upon photographs 

as a means of recording the results of their experiments upon the growth 
of plants. 

Rates of Growth. — The absolute growth rates recorded in the botanical 
literature are mostly for increase in height of stems. A number of meas- 
urements have also been made of the fresh and dry weight increments of 
fruits, examples of which are given in Chap. XXVII. 

The rate of height growth varies enormously with different species of 
plants and with the same species under different environmental condi- 
tions. Only a few examples of the most rapid known rates of height growth 
will be cited. Young bamboo shoots sometimes grow as rapidly as 2 ft, 
in 24 hr. and asparagus shoots as much as 1 ft. in the same period of time. 
When a flow^cr stalk develops on a century plant (Agave spp.) it often 
elongates as much as 6 in. in a single day. Under favorable growing con- 
ditions corn plants sometimes add visibly to their stature during a single 
night. 

The rates of elongation of the fastest growing stems are just a shade 
too slow for detection with the naked eye. By observing rapidly growing 
stem tips under a horizontally placed microscope, the externally visible 
aspects of growth can often be observed and measured directly. 

The rate of growth of stem or root tips can also be measured by the 
very simple method of marking the organ with short horizontal lines 
spaced equidistantly. The marks are generally made with India ink ap- 
plied with a flne brush. The rate of elongation is determined by observ- 
ing the position of the marks after the lapse of a definite period of time. 

A similar method can be used for measuring the rate of increase in the 
area of a leaf by ruling a cross-sectional pattern of lines on the leaf. Such 
methods are of value in indicating in what part of the organ enlargement 
is occurring most rapidly. 

Accumulation of Foods. — ^Although the simple carbohydrates synthesize 
in photosynthesis may undergo many transformations, the sum total o 
the food available to a green plant, except under special experimenta 
conditions, where carbohydrates or other foods are artificially supplie , 
can never exceed the quantity synthesized in photosynthesis. A large 
proportion of the photosynthate is normally used in the processes of as 
similation and respiration. Any surplus which remains accumulates in one 
or more tissues or organs of the plant. Accumulation of foods, however, 
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does not occur continuously. For considerable periods in the life cycle of 
most plants not only is no accumulation of food occurring, but a more or 
less rapid consumption of accumulated food is in progress. In woody plants 
during the dormant season slow utilization of food in the processes of 
respiration and assimilation continues. When growth is resumed in the 
meristematic tissues of such species in the spring there is always a con- 
siderable drain on the foods stored in the plants since much of this growth 
is accomplished before the photosynthetic rate is rapid enough to com- 
pensate for the necessarily speedy utilization of food which occurs. Simi- 
larly the sprouting of bulbs, corms, tubers, and rhizomes always occurs 
at the expense of accumulated foods in such organs. The same is true of 
seeds when germination occurs. Much of the food which accumulates in 


plants during periods when photosynthesis exceeds the food-consuming 
processes is utilized by the plant sooner or later in its life history. 

The organs in which most accumulation or “storage” of food occurs 
are different in different species. In annuals food storage occurs pre- 
dominantly in the seeds. Foods also accumulate in the seeds of most 
biennial and perennial species. During the process of germination the 
embryo uses food that was made by the preceding sporophyte generation. 

Most of the accumulation of food in typical biennials such as beet, 

carrot, parsnip, and turnip occurs in fleshy roots or root-like structures. 

This accumulation of food by biennial species occurs mostly during their 
first season’s growth. 


In perennial species considerable storage of food often occurs in seeds 
and fruits, but the principal organs of food accumulation in many species 
which live for a number of years are the stems and roots. In woody species 
the pith, cortex, vascular rays, and wood parenchyma are the stem and 
mot tissues in which most of the accumulation of surplus foods occurs. 
Modified stems such as rhizomes (iris, many ferns, Solomon’s seal) , tubers 
(potato, Jerusalem artichoke), corms (crocus, gladiolus, jack-in-the- 
pulpit), and bulbs (onion, tulip, hyacinth) are almost invariably regions 
of food storage in species which possess such organs. 

The great bulk of all foods which accumulate in plants can be classified 
into the familiar categories of carbohydrates, fats, and proteins. 

he pnncipal storage carbohydrates are starch, sucrose, “hemicellu- 
ses, and inulin (Chap. XX). Accumulation of oils (fats) in abundance 
occu^ most commonly in seeds, although such compounds are stored in 

accumnlT^ quantities in the cells of many tissues. Proteins, like fats, 
accumulate pnncipally in seeds. 

tissues are not merely passive reservoirs in which 

onlv m +L ^ Foods move into the cells in which they accumulate 

e so u le form, yet with few exceptions, sucrose being the most 
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famihar example the foods amassed in storage cells are converted into an 

msolubld form. Upon translocation into storage cells, glucose is converted 

into starch, ammo acids into proteins, fructose into inulin, fatty acids 

and glycerol into fats, etc. All of these chemical transformations are 

catalyzed by enzymes occurring in the living cells in which the foods 
accumulate. 


Conversely, insoluble stored foods cannot be utilized by any part of a 
plant until they have first been cTigested into soluble forms as a result of 
enzymatic activity. Until such a transformation has occurred they can- 
not be translocated out of the cells in which they are situated into the 
cells in which they are utilized in assimilation or respiration. 
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ENVIRONMENTAL FACTORS AFFECTING 
VEGETATIVE GROWTH 


Regardless of the habitat in which it is growing, whether a greenhouse 
cultivated field, forest, prairie, mountain top, or lake bottom, a plant is 
continuously subjected to the variabilities of a complex, more or less in- 
terdependent set of environmental factors. The environment is the foster 
parent of every plant and animal ^nd plays as indispensable a role in 

Its development as do hereditary factors which have been transmitted to 
It trom its biological parents. 

The development and reactions of an organism are the result of the 
coordinated interplay of the hereditary factors and environmental con- 
ditions upon the internal physiological processes of that organism- 


Genetic Constitution 


Environment 


^ Internal Processes 
and Conditions 


Organic Development 
and Behavior 


th^mlnihllH .focusses and conditions” is included all of 

ceLTnd tistr”" " physicochemical conditions within 

some of hf ° knowledge we are able to visualize only 

of the n Sosser aspects of these processes with any great clarity Most 

oI the to a dis'curon 

between conditions in plants. The intermediate stages 

and the Ipv i environmental factors on the one hand, 

a the development or reaction of the organism on the other, are large 
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and intricate ones and are far from being bridged in terms of present- 
day knowledge. 

As a specific example of this principle we will recall the process of 
chlorophyll synthesis as it occurs in corn (maize). The usual varieties of 
this species contain the genetic factors which ordinarily induce chloro- 
phyll formation. Certain environmental conditions, including light, are 
also necessar}'^ for its synthesis in tliis species. A corn seedling developing 
in a dark room is de\'oid of chlorophyll, even if all the other environ- 
mental conditions necessary for chlorophyll formation arc present. In a 
seedling growing in the light, however, interaction of the environmental 
factors witli the hereditary mechanism will occur in such a way as to 
induce the process of chlorophyll synthesis in the leaf cells. While envi- 
ronmental conditions only rarc'Iy have a direct influence upon the genetic 
make-up of an organism, they <lo ex(Tt a profound influence upon the 
expression of its heredity. As di.'-cussed earlier (Chap. XVI), it is now a 


widely accepted hypothesis that the genes of the chromosomes exert their 
influence upon i)hysiological processes through a controlling effect on the 
synthesis of enzymes. 

So far, however, we have considered only one side of the story. Certain 
varieties of maize do not carry all of the genetic factors necessary for the 
development of chlorophyll. Tliis trait is inherited in such strains of corn 
as a Mendelian recessive and hence is api>arcnt only in plants homozygous 
for this factor. Even if all the environmental factors necessary for chloro- 
phyll synthesis are present, such seedlings cannot make chlorophyll, and 
they flevelop as “albinos.” As soon as the food stored in the seed is ex- 
hausted, such albino seedlings die. 

The genetic constitution of a given organism sets definite ultimate limits 
to the types of development and the reactions of which that organism is 
capable, beyond which no environmental conditions can carry it. Potato 
plants, for example, may vary greatly in their morphogenic development. 
Under some environmental conditions the plants may be large; under 
others, small. Under some they will flower; under others they will not. 
Under still others tubers will develop; under others they will not. Never- 
theless, all of these plants will remain unmistakably potato plants.^ 

The specific environment to which a i)lant is subjected also sets limits 
upon its development. For example, under “short-day“ conditions, as 
discussed in Chap. XXXTI, a radish plant continues to grow vcgctativciy 
for an indefinite period of time. Although radish i>lants possess the hered- 
itary capacity for reproductive development, such an environment ^im- 
])Oses a barrier to the expression of this particular potentiality. On the 
other hand, under long day-lengths, if other environmental conditions 
are favorable, a radish plant will flower and fruit within the course or 
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a few weeks. Innumerable other examples of the environmental limita- 
tion of the expression of hereditary factors can be cited. 

The full gamut of the hereditary potentialities of a species can never 
be realized until individuals of that species have been observed growing 
in each of a wide range of environmental complexes. Since most observa- 
tions of the behavior of plants are made while they are growing under 
natural or cultural conditions which represent only a rather narrow range 
of variations in the environmental complex, the many possible develop- 
mental reactions of a given species of plant are not always appreciated. 

Environmental Factors Influencing Plant Growth. — The environment of 
living organisms is so complex as to defy any completely logical analysis. 
However, the principal physical factors of the environment which ordi- 
narily exert a more or less direct effect upon the growth and development 

of terrestrial plants can be recognized and are enumerated in the follow- 
ing list: 

1. Temperature (soil and air) 

2. Radiant energy 

3. Soil water 

4. Water vapor (in soil and atmosphere) 

5. Solutes in the soil solution 

6. Gases of the soil atmosphere 

7. Exchangeable ions in the soil 

8. Gases of the atmosphere 

9. Gravity 

10. Atmospheric pressure 

11. Wind 


The environment to which the roots are exposed is usually very differ- 
ent from that which the aerial organs of plants encounter. Because of 
reciprocal influences between the roots and tops of a plant, effects of any 
environmental factor upon the development or physiological processes 
ot the roots almost invariably will be indirectly reflected in the behavior 
ot the aerial organs, and vice versa (Chap. XXXIII). 

Some mportant environmental factors, such as precipitation (rain 

inrTi’ “'^direct in their influence on plants, operat- 

g - irough their effects on one or more of the direct factors listed above 
rrecipitation, for example, influences not only the soil-water content, but 

atmospheric humidity. Many of the factors listed 

effpnt " growth also exert important indirect 

enects on growth. 

ni f environmental conditions to which plants growing under 

oor conditions are subjected are in turn influenced by more remote 
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factors The intensity and quality of impinging sunlight, for example, 
are functions of the angle of the earth’s inclination to the sun (which 
varies with the hour of the day, the latitude and the season), the pitch 
of the slope upon which the light falls, and the direction toward which 
the slope faces. The soil-water content is controlled not only by the pre- 
cipitation, but by the surface runoff (which in turn is largely a function 
of the slope and the porosity of the soil), and by factors which influence 
the rate of evaporation such as air temperature, humidity, wind, and 
insolation. Similarly, with increase in altitude differences in such physical 
factors as the irradiance, quality, and duration of radiant energy, soil 
and air temperature, and atmospheric pressure are encountered. 

Furthermore, complex interrelationships exist among the medley of en- 
vironmental factors which exert direct effects upon plants. Changes in the 
magnitude or duration of one factor seldom occur without inducing sub- 
sidiary changes in other factors. Increase in the intensity of radiant energy 
in any habitat results in an increase in soil and air temperatures; in- 
crease in soil-water content diminishes soil aeration, and so forth. 

In addition to the physical factors discussed above, plants are subject 
to the influence of another entirely different group of factors — the other 
^ living organisms in their environment. Among these are bactt'ria, fungi, 
green plants, and animals. Alan himself, from the standpoint of a plant, 
is merely one of the factors in its environment. The influence of such 
biotic jactors is not generally considered to come within the scope of a 
discussion of plant physiology, but their effects upon growth and develop- 
ment of plants are often as pronounced as the effects of piiysical factors. 
Biotic factors often operate as limiting factors in the survival or distribu- 
tion of plants. The elimination of that once prominent tree species — the 
chestnut — from eastern North America by the chestnut blight disease is 
an example of the profound effects sometimes wrought by biotic factors. 

In order to interj)ret the effect of changes in the magnitude of any one 
of the various factors influencing a process, such as growth, it is neces- 
sary to formulate certain guiding principles. In 1843 Liebig proposed his 
well-known “law of the minimum,” which was the first attempt at such a 
formulation. Liebig was thinking primarily of the effect of fertilizers 
upon the yield of crop plants when he suggested this “law,” which states 
in essence that the yield is limited by the factor which is present in 
relative minimum. Blackman’s “principle of limiting factors” as applied 
to photosynthesis (Chap. XIX) is essentially an extension of Liebig’s 
f)rinciple. 

Alitscherlich (1909) proposed a somewhat different concept of the law 
of the minimum. His conception of the operation of a “limiting factor 
may be stated as follows; “the increase in any crop produced by a unit 
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increment of a deficient factor is proportional to the decrement of that 
factor from the maximum.” 

Both of these interpretations of the effect of minimal factors can be 
illustrated by a diagram {Fig. 147), in which it is supposed that five 
factors are affecting growth, but that each is present in a different rela- 
tive intensity as compared with its maximum effectiveness. 

According to Liebig’s law of the 
minimum, only an increase in factor 
A will cause an increase in the yield 
of a crop. According to Mitscherlich, 
increase in any one of these factors 
will cause an increase in yield. A unit 
increase in A will have the greatest 
effect, a unit increase in B the next 
greatest effect, and so forth. Factor E 
is so close to its maximum that a unit 
increase in it will have an almost negli- 
gible influence on yield. Alitscherlich’s 
interpretation of the law of the mini- 
mum seems to be more nearly in ac- 
cord with the results obtained in experiments on plants than Liebig’s 
simpler formulation of this same principle. 

The discussion in this chapter will be restricted to the effects of envi- 
ronmental factors on the vegetative growth of plants; their effects on 
reproductive growth are considered in Chap. XXXII. 

Effects of Temperature upon Vegetative Growth. — The rate of every 
physiological process occurring in plants, including growth, is markedly 
influenced by the all-pervading factor of temperature. Temperature, how- 
ever, exerts qualitative as well as quantitative effects upon the devel- 
opment of plants. In other words, the structural development and 
P ysiological reactions of a plant may vary greatly, depending upon the 
emperature pattern of that plant’s environment. Finally, whether or 
not a plant can survive in a given habitat often depends upon the tem- 
perature extremes which occur in that habitat. 

the Rate of Growth.— It has been custom- 
ry O consider that there are three “cardinal” temperatures for growth, 

mmmum, an optimum, and a maximum,' although these so-called car- 

snpLr°wu-,°" temperature scale may vary greatly with different 
L ’ ^ 6 in a loose sense this is true, and such temperatures can 

determined by experimentation, they are by no means 
varv ^ three of these “critical” temperatures have been found to 

consi erably with the stage in the development and the physiological 



Fig. 147. Diagram to illustrate 
two interpretations of the law of 

the minimum. 
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condition of the plant, the time and rate of exposure, and other envi- 
ronmental conditions. 

In general, the range of temperatures within which growth will take 
place varies considerably with the species. Arctic and alpine species may 
grow at the freezing point or even at temperatures slightly below, and 
their optimum growth temperature is often no higher than 10®C. Most 
species of temperate zone origin do not grow appreciably at temperatures 
below 5°C. Their optimum growth temperature is usually about 25°- 
30°C., and their maximum about 35®-40°C. The cardinal growth tempera- 
tures of most tropical and subtropical species are still higher. For maize, 
a crop plant of subtropical origin, the minimum growth temperature is 
about 10°C., the optimum about 30°-35°C., and the maximum about 
45°C. 

Leitch (1916) has made one of the few comprehensive studies of the 
effect of temperature upon the quantitative aspects of growth. She found 
that the rate of elongation of the roots of pea seedlings increased con- 
sistently with rise in temperature in the range of —2® to 29°C., and fur- 
ther that the rates within this range of temperatures, once established, 
showed little or no diminution with time. Above about 30°C., the higher 
the temperature, the lower the initial rate of growth and the more rapidly 
the rate decreased with time. Elongation ceased entirely at temperatures 
of 45°C. or higher. In other words, in the temperature range of 30°- 
45°C., a distinct time factor effect was evident in the relation between 
temperature and growth. A similar time factor effect has been demon- 
strated for the growth of maize seedlings (Lehenbauer, 1914). 

In an elaborate study of the effects of temperature upon developing 
cotton seedlings, Arndt (1945) found the optimum for germination, initial 
elongation of the primary root, and initial elongation of the hypocotyl 
to be about 33 °C. After a few days, however, the optimum for root 
elongation had fallen to 27°C., whereas that for hypocotyl elongation had 
risen to 36°C. Such shifts in temperature optima for various phases of 

grow'th are probably characteristic of many plant organs. 

Each stage in the development of a plant may and often does have a 
different optimal temperature. The relationship betw^een temperature and 
stage of development has been investigated most thoroughly in certain 
species of bulbs, such as the tulip (Hartsema et al., 1930). In this species, 
at the time bulbs are usually lifted from the ground, the next season s 
stem apex has differentiated to the extent of three or four leaf primordia. 
The next stage in development within the stored bulb is initiation of t e 
flower primordia, a process which requires about 3 weeks. The optima 
temperature for this process is 20°C. For ^subsequent period of about 
months, during which flower parts develop into a complete flower, t e 
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optimal temperature is 8°-9°C. As leaves begin to emerge from the bulb, 
the optimal temperature gradually rises to 23°C., the latter value being 
reached when the leaves are about 6 cm. long. Similar dift'erences in op- 
timal temperature at different stages of development are found in other 

temperate climate bulbs, but such differences are lacking in bulbs native 
to tropical regions. 

Such differences in the optimal temperatures for different stages of 
growth are not confined to bulbs. In many temperate zone species the 
optimum temperature for the germination of seeds is less than for vege- 
tative growth, which in turn is often lower than the most suitable tem- 


perature for flowering and fruiting. 

2. Temperature Limitations upon Plant Survival . — A clear distinction 
should be drawn between the extremes of temperature at which the growth 
of a plant ceases, and the extremes of temperature which that plant can 
endure without death resulting. The minimum temperature which a plant 
can tolerate without injury is almost invariably below that at which 
growth ceases; likewise plants can usually endure without lethal effects, 
at least temporarily, temperatures considerably in excess of the maximum 
at which growth occurs. A given plant, for example, may cease to grow 
when the temperature to which it is exposed rises to 40*^0. Death, how- 
ever, occurs only if the temperature of the plant is raised to some still 
higher temperature, perhaps 55° or 60°C. Within this intervening range 
0 temperatures the plant passes into a state of heat rigor in which it 
neither grows nor exhibits growth movements. Similarly there is a range 
o temperatures between the lowest temperature at which a plant will 
grow and its death point as a result of cold. Within this zone of tempera- 
tums the plant passes into a corresponding condition of cold rigor. 

The upper and lower extremes of temperature which plants or plant 
organs can endure vary greatly according to species and depend upon 

r capacity for heat resistance and cold resistance, respectively as 
discussed later. ’ v j, 


remperati.re.-No two of the many and 
irr.K processes occurring in a plant are equally influenced 

Dlant ^i! *''^n^Perature. Hence the morphogenic development of a 

Xn'llfn'r p"**™ 0' physiological activity, is 

™d“ ‘'■PP^tP'y sopditions than 

peraiure uplTat »' ‘he ">»y i""eences of tem- 

niorphogenic effects of temperature upon the 

clearlv rplft+ a 4 plants can be cited. Some such effects are 

® o he differential influences of temperature upon the proc- 
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esses of photosynthesis and respiration. The net daily gain in photosyn- 
thate by any plant is the difference between the quantity of carbohydrate 
synthesized during the photoperiod and the quantity of carbohydrate con- 
sumed per 24 hr. in respiration. In a maize plant, for example, under 
favorable conditions, the average quantity of hexose synthesized per 
photoperiod during its life history is about 9 g. while the average quan- 
tity of hexose consumed in respiration is about 2 g. per 24 hr. (Table 25). 

The average net daily gain in photosynthate by a corn plant is therefore 
about 7 g. 

Only the net daily increment of photosynthate can be used by a plant 
in the assimilatory phases of growth or can accumulate as unused food 
in one or moie organs of the plant. If its total daily respiration con- 
sistently exceeds its total daily photosynthesis, a plant can often survive 
for a while at the expense of previously accumulated foods, but eventually 
it will starve to death. 

The rate of photosynthesis ordinarily does not change much in many 
species under favorable field conditions over a temperature range of 
]5°-30°C., mainly, it appears, because of the limiting effect of carbon 
dioxide at atmospheric concentration on the process (Chap. XIX). The 
temperature coefficient of respiration, on the other hand, over a similar 
temperature range, is approximately two (Chap. XXI). With rise in tem- 
perature the rate of respiration therefore increases more rapidly than 
the rate of photosynthesis, and the net daily gain in photosynthate by the 
plant is curtailed. Respiration is not, of course, confined to the photo- 
synthetic tissues, but occurs in all non-green parts of the plant including 
the underground organs. Also significant is the fact that photosynthesis is 
restricted to the daylight hours while respiration goes on every hour of 
the twenty-four. Hence prevailing night temperatures markedly influence 
the daily net gain of photosynthate by a plant. Approximately twice as 
much food would disappear per hour as a result of respiration at 25°C., 
for example, as at 15°C. A daily alternation between relatively cool night 
temperatures and moderately high daytime temperatures will therefore 
usually result in a greater net gain of photosynthate by a plant than if 
night temperatures are also relatively high. 

Translation of differential effects of temperature upon photosynthesis 
and respiration into morphogenic effects on growth can be illustrated by 
the process of tuberization in the potato. When tuberization occurs foods 
are used in the construction of the cellular framework of the tubers and 
accumulate within the cells. The optimum rate of photosynthesis is appar- 
ently attained in the potato at about 20 ®C. The higher the daytime tem- 
perature above this value and the higher the night temperature, the 
greater the proportion of the photosynthate which will be consumed m 
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respiration and the smaller the proportion which can be used in assimila- 
tion or which can accumulate as stored food. Higher temperatures also 
favor development of the aerial vegetative organs of a potato plant (Wer- 
ner, 1934), which further reduces the quantity of photosynthate which 
can be used in tuberization. Hence yields of potatoes are usually higher 
in a relatively cool climate, other conditions being favorable, than in a 
relatively w^arm climate. 


A low net daily gain in photosynthate will not only retard accumula- 
tion of foods but may also check assimilation and growth of a plant. The 
results of Nightingale (1933) on the effect of temperature on the develop- 
ment of the tomato plant are largely explainable in terms of its effect or. 


the net daily increment of photosynthate. This investigator grew tomato 
plants under continuous temperatures of 55°F. (13°C.), 70°F. (21°C.), 
and 95°F. (35°C.). The plants survived, developed and accumulated car- 
bohydrates at both the lower temperatures, indicating that in these tw'o 
groups of plants daily photosynthesis exceeded daily respiration. At 35°C., 
however, the carbohydrate content of the plants decreased rapidly, in- 
dicating that daily respiration exceeded daily photosynthesis, and many 
of these plants died wdthin a relatively short time. 

Soil temperature, as considered apart from air temperature, also has 
morphogenic effects on plants. Maximum vegetative development of Mar- 
quis wheat under greenhouse conditions (air temperature range about 
20°-35°C.), for example, occurred at a soil temperature of 22°C., as 
compared with a number of higher soil temperatures (Wort, 1940). 

Among the most pronounced of the morphogenic effects of temperature 

are those upon reproductive growth which will be discussed in Chap. 

XXXII. 


4. Thermopenodicity.—Temperai '.re is one of the characteristically 
cyclical factors of the environment. Both rates of growth and the mor- 
phogenic development of plants are markedly influenced by the pattern of 
e temperature cycle to which they are subjected. For example, Went 
(1944) found that, when grown under a constant temperature, the maxi- 
mum rate of elongation of the stems of tomato plants more than 40 cm. 
jg occurred at 26.5°C., but that elongation was still more rapid if the 

. T 70 oToo ^ temperature alternating with 

C. night temperature. Approximately the same temperature 
relation was found for fruit development. This favorable effect of a lower 

mg emperature was eliminated, however, if the plants were artificially 
illuminated during the night. 

The ^rm thermopeno dicity has been proposed to designate the effects 

th ^ ^ temperature between the day and night periods upon 

reac ions of plants. Other species of plants besides the tomato are 
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known to cxliihit the phenomenon of thermoperiodicity, but the critical 
temperatures differ from one species or even one variety to another, and 
from one stage of development to another (AVent, 1945). 

Cold Injury and Cold Resistance.— 1 . Causes of Injury to Plants upon 
Exposure to Low Temperatures .— types of injury may occur in 
plants as a restilt of exposure to relatively low temperatures; 

(1) Desiccation. Relatively high winter transpiration rates in ever- 
greens during a period when absorption of water can proceed only at a 
relatively slow rate often lead to a type of injury frequently called 
winter-killing (Chap. XI). Injury under such circumstances results from 
desiccation of the tissues. A similar type of injurj' may result to some 
plants, especially herbaceous species, as a result of frost heaving of the 
soil. Such heaving often tears the roots loose from the soil or, in extreme 
cases, may even result in breaking them. If environmental conditions fa- 
voring high transpiration rates intervene before the root system can be 
securely re-established in the soil, the plant may be so severely desiccated 
that death or marked injury results. This is often a serious source of in- 
jury to winter wheat during “open” winters. One of the advantages of 
mulching j)lants with straw, leaves, or other materials during the winter 
months is that it greatly reduces frost heaving of the soil. 

(2) Chilling Injury. — Many species of plants, particularly those which 
are native to tropical or subtroi)ical regions, are killed or seriously injured 
by relatively Ion' temperatures abot>e their freezing point. This type of 
low temperature injury is often called chilling injury. For example, Sell- 
schop and Salmon (1928) found that exposure to a tempe^'ature of 0.5° 
to 5.0°C. for 24 to 36 hr. was fatal or markedly injurious to rice, velvet 
beans, cotton, peanuts, and Sudan grass. Species which were only slightly 
injured included maize, sorghums, watermelons, and pumpkins, while soy- 
beans, buckwheat, tomatoes, and flax showed no evidence of injury from 
such a chilling. The cause of such pronounced effects of low but not freez- 
ing temperatures undoubtedly lies in disturbances which are induced in 
the metabolic activities and physiological conditions within the cells. In 
general, the longer the exposure of such plants to chilling temperatures, 
the greater the resulting injury. 

(3) Freezing Injury. — Many plant tissues are killed or irreparably in- 
jured when they are exposed to temperatures which are low enough to 
cause ice formation within them. This is the most frequent and funda- 
mental type of low-temperature injury in temperate climates, and most of 

/ • 

the remainder of the discussion will be devoted to it. i - 

2. Ice Formation in Plant Tissues. — ^As their temperature falls below 
0°C., ice crystals sooner or later form in the majority of plant tissues: 

Dry tissues, such as dormant or quiescent seeds, constitute the only im- 
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portant exception to this statement. When liquid water gradually cools, 
freezing usually does not begin at 0°C., but only after its t(*ini>erature has 
dropped from a fraction to several degrees below its freezing point. In 
other words, the water first undercools before freezing l)egiris. Similarly 
the water in plant tissues usually does not freeze until after tlie tissues 
have first undercooled. Some plant tissues can undercool as much as 15°C. 
below their true freezing point before crystallization of water occurs, al- 
though this is uncommon. The actual freezing points of plant tissues, 
however, are seldom below — 5°C. 

Because of their considerable capacity for undercooling some [)lant tis- 
sues, normally susceptible to frost injur>q can survive short exposures to 
freezing temperatures without injury. This is true, for example, of certain 
species of cacti, which often can undercool 10°-15°C. Once such tissues 
actually freeze, however, they are killed or seriously injured. 

When tissues of higher plants freeze, cr>'stallization of water most com- 
monly takes place in the intercellular spaces. The ice crystals enlarge at 
the expense of water which moves toward them, not only from the cells 
immediately bordering the intercelluar spaces, but also from more distant 
cells by passage through intervening cells. The lower the temperature, in 

general, the greater the proportion of the water which freezes in the 
tissues. 

When freezing occurs very rapidly, and sometimes under other condi- 
tions, crystallization of water takes place within the ceils instead of in 
the intercellular spaces. When intracellular crystallization of water occurs 
ice may form in the cytoplasm or in the vacuole, or both, or it may form 
between the cell wall and the protoplasm. Ice formation within cells is 
often accompanied by ice formation in the intercellular spaces. 

3, Causes of Freezing Injury in Plants . — Living plant cells are usually 
killed when water freezes within them, and this is probably the most usual 
mechanism of freezing injury. In intracellular freezing small crystals of 
ice ramify throughout the cytoplasm (Stuckey and Curtis, 1938; Simono- 
vitch and Scarth, 1938) and their lacerating effect is apparently so effec- 
tive in disorganizing the protoplasmic structure that death of the cell 
results. 

When ice formation occurs in the intercellular spaces of a plant tissue, 
death of the cells may or may not result, depending upon the hardiness 
see ater) of the tissue. One explanation of freezing injury under these 

that the withdrawal of water from the cells results in a 
c y ration of the protoplasm which in turn induces various disorganizing 
t ^hich a coagulation of certain layers of the protoplasm appears 

o e t e most destructive. A second is that the formation of ice crystals 
in e intercellular spaces results in mechanical deformations of the pro- 
op asm, either as a result of direct pressure, or by a withdrawal of water 
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from the cell, or a combination of both, which in turn causes death of the 
cells. Freezing injury' under some conditions appears to result, not at the 
time of ice formation in the intercellular spaces, but during the subsequent 
thawing. This is especially prone to occur when the thawing is rapid (Iljin, 
1933). Death under these conditions apparently results from various 
mechanical distortions of the protoplasm attendent upon the too-rapid 
re-entry of water into the cells from the intercellular spaces. 

4. Frost Resistance and Hardening. — Many plant tissues can survive 
the formation of ice crystals within them, a property called frost re- 
sistance or hardiness. Furthermore, the degree of frost resistance is not 
a fixed quantity but can be modified in many plants as a result of the 
natural or artificial conditions to which they are subjected. On the other 
hand, there are many plants which are never frost resistant under any 
conditions. Increase in the frost resistance of a plant tissue is called 
hardening; a decrease in its frost resistance, dehardening. Temperature is 
the principal, although not the only, environmental factor inducing 
changes in the hardiness of plants. Exposure of many kinds of plants to 
temperatures just above the freezing point results in a marked increase in 
their frost resistance. Crop plants such as cabbage which are to be planted 
early in the sf)ring arc often hardened artificially before being set out in 
the field. This is usually done by transferring the cabbage seedlings from 


the greenhouse to a cold-frame for a few days before they are trans- 
planted into the field. Harvey (1930) found that exposure of cabbage 
plants to a temperature of 0°C. for 2 to 4 hr. per day kept the plants in 
a hardy condition even if they were exposed to temperatures of 20 C. 
during the remainder of the day. Continuous exposure of hardened plant 
tissues to relatively warm temperatures, on the other hand, sooner or later 
results in dehardening. 

Seasonal variations in hardiness are of normal occurrence in the organs 
of temperate zone species which are exposed to freezing temperatures dur- 
ing the w'inter months. The leaves of temperate zone evergreens and the 
buds and stems of temperate zone deciduous trees and shrubs have little 
or no frost resistance during the summer, but pass into a hardened con 
dition during the autumn, remain relatively frost resistant during t e 
winter months, and undergo a dehardening process in the spring (Wink er, 

1913; Meyer, 1932). 

Not all of the organs on a plant are equally frost resistant at a given 
time. In deciduous woody plants mature leaves are commonly more har y 
than young leaves, mature stems commonly more hardy than young 
stems, and stems in general more hardy than leaves. Floral organs may e 
more or less hardy than leaves, depending upon the species. In temperate 
zone woody species on which the flower buds open earlier in the season 
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than leaf buds, such as elms, maples, and witch hazel, the floral parts are 
more frost resistant than the leaves. On the other hand, floral parts of 
apple and some other fruit trees, at a certain stage in their development, 
are notoriously more sensitive to frost injury than the young leaves which 
are present on the tree at the same time. 


Complete immunity of any plant tissue to frost injury requires pre- 
vention of intracellular freezing and also either prevention of intercellular 
freezing or else a capacity of the cells to survive its effects. The funda- 
mental basis of frost resistance undoubtedly lies in certain properties of 
the protoplasm. The changes in protoplasmic properties which are known 
to be closely correlated with the hardening of plant tissues are an in- 
creased permeability of tlie i)rotoplasmic membranes to water and other 
polar compounds, a decreased structural viscosity of the cytoplasm, and 
a reduced liability to coagulation as a result of dehydration of certain 
layers of the cytoplasm (Levitt, 1941; Scarth, 1944). An increased hy- 
drophily of the protoplasmic colloids — largely proteins — could account for 
all of these shifts in the properties of the protoplasm. The increased per- 
meability of the protoplasmic membranes favors outward movement of 
water during freezing and reduces the likelihood of intracellular ice forma- 
tion. The structural changes which occur in the protoplasm presumably 
make it better able to withstand mechanical stresses resulting from with- 
drawal of water when ice forms extracellularly. 

Certain grosser features of plant tissues are frcquentlj’', although not 
invariably, correlated with frost resistance. Among these are the three 
interrelated properties of relatively low cell-water content, relatively high 


sugar content of the cells, and relatively high osmotic pressure of the cells. 
It is also noteworthy that many tissues in which the cells are relatively 
small in size arc potentially capable of marked resistance to freezing. 
All of these factors, however, appear to be of only secondary signifi- 
cance in frost resistance as compared with the protojAasmic factors previ- 
ously mentioned. They appear to be accessory factors in frost resistance 
ecause they lessen the amount of cell shrinkage upon freezing and hence 
ecrease the severity of the resulting deformations of the protoplasm, 
t is also worthy of mention that a high correlation between frost re- 
sistance and drought resistance (Chap. XV) has been found in many kinds 
of plants. 

5. Survival of Extremely Low Temperatures by Plant Tissues.— In 
apparent contradiction to some of the preceding discussion is the fact 
»a various kinds of seeds, spores, algae, bacteria, fungi, and other plants 

^iqotp cooled to the temperature of liquid air (about 

• ) j or even lower, without injury. Relatively dry plant tissues or 
organs such as seeds or spores survdve such treatments unharmed largely 
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because the quantity of water present in them is so small that freezing 
cannot occur. However, even relatively moist plant tissues can be exposed 
to liquid air temperatures under certain conditions without injury. For 
example, moss plants (Mnhan sp.), with a water content of more than 
65 per cent, survived exposure to lic|uid air if they were warmed up rapidly 
when removed, but were killed if wanned up slowly (Luyet and Gehenio, 
1940). The explanation for the tolerance without injury of such low tem- 
peratures by tissues of relatively high water content, as given by these 
authors, is as follows. Below a temperature of about — 20°C. the mech- 
anism of crystallization in water oi)erates very feebly. It is not possible 
to cool pure water fast enough to prevent its freezing, but many aqueous 
solutions and colloidal systems, if cooled very rapidly, as by immersion 
in liquid air, fail to freeze, but pass instead into a vitreous (glasslike) 
condition. This is also true of the cellular constituents of many plant and 
animal tissues. If such vitrified tissues are warmed up very rapidly no 
crystallization of water ever occurs in them and they survive the low 
temperature treatment without injury. If, on the other hand, their tem- 
perature is raised gradually after vitrification, ice cry.stals form when the 
zone of freezing temperatures is reached, and the tissues will be killed or 
damaged. 

Heat Injury and Heat Resistance. — 1. Causes of Injury to Plants at 
Relatively High Temperatures . — Several types of injury result to plant 
cells either directly or indirectly from relatively high temperatures: 

(1) Desiccation Injury. — High leaf temperatures resulting either from 
intense insolation or high air temperatures, or both, may result in exces- 
sive rates of transpiration. A relatively high rate of water loss, particu- 
larly at times when the rate of absorption of water is sluggish, often leads 
to death of some or all of the leaves or branches on a plant as a result of 
desiccation. In extreme cases entire plants are killed in this way. 

(2) Injury Resulting from Metabolic Disturbances. — Relatively high 
temperatures often induce various types of metabolic disturbances which 
are detrimental or even fatal to plants. One important example of such 
an effect has been described earlier in the chapter. With rise in tennpera- 
ture, increase in the daily ])liotosynthesis in a plant usually fails to keep 
pace with increase in its daily respiration. Relatively high tempera’tures 
therefore frequently cause a stunting of plants because a disproportionate 
amount of the foods manufactured is consumed in respiration. Mainte- 
nance of such a condition for extended periods may result in the death of 

plants, 

(3) Direct Thermal Effects upon the Protoplasm. — The thermal death 
point of most active living plant cells is in the approximate range of 50 
60°C. The exact temperature at which death of the protoplasm will occur 
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depends upon the length of the period during which the cells are warm- 
ing up to the lethal temperature. For example, according to Lepeschkin 
(1912), if the leaf epidermal cells of Rhoeo riiscolor were heated at such a 
rate that death occurred in 4 min., the lethal temperature was 72.1 °C. If 
the rate of wanning was so slow that death did not take place until 150 
min. had elapsed, the thennal death point was only 52.0°C. 

Air temperatures in temperate regions seldom exceed 40°C., and, al- 
though the temperature of an insolated plant organ often exceeds that 
of the atmosphere, lethal temperatures are seldom attained for reasons 
discussed in Chap. IX. The surface temperatures of some soils, however, 
may attain values of 70°C., or even higher, when exposed to intense in- 
solation. Attempts to reforest denuded areas in certain regions have some- 
times failed because of such high soil-surface temperatures. The living 
cells of the stems of the young trees which had been set out were killed 
at the soil line by contact with soil at a temperature above their thermal 
death point, thus causing death of the entire transplant. On the other 
hand, many woody species are habitants of semi-desert regions in which 
high soil temperatures often prevail. The stems of such species are obvi- 
ously more heat resistant than those which are injured or killed by contact 
with hot soils. 


Another example of direct heat injury to plants is often evident after 

a “ground” forest fire sweeps through a woods. Such fires bum fallen 

loaves and branches on the forest floor and are often without any apparent 

immediate effects upon living trees and saplings. Subsequently the tops 

of many of the trees in an area burned over by such a fire die as a result 

of the killing of an encircling zone of living cells at the base of the trunk 

by the high temperatures to which they have been exposed. 

2. Cause of Heat Injury . — The most generally advocated theory of the 

cause of direct heat injury to plant cells is that it results largely, if not 

entirely, from a coagulation of protein components of the protoplasm 
(Lepeschkin, 1935). 

^ 3. Heat Resistance . — Certain types of tissues are more resistant to heat 

injury than others. Tissues low' in w'ater content generally can endure 

relatively high temperatures better than those of which the contrary is 

true. Dry seeds and spores of some species have endured exposure to 

emperatures of 125°C. and even higher without loss of germinative 
capacity. 

^ In some plants otherwise susceptible tissues are protected against heat 
ju^ ecause they are enclosed within tissues which have a low thermal 
on uctivity. The bark of many trees is so thick that it insulates the 

tissues against the destructive effects of forest fires. The bark 
e we 1-known Big Tree {Sequoia gigantea) of California, for example, 
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is almost as resistant to fire as asbestos, has a very low thermal conduc- 
tivity, and may be two feet in thickness. Many other species of coniferous 
trees have a thick, incombustible bark of low thermal conductivity. An- 
other well-known example of such a tree is the long-leaved pine (Pinus 
'pahistris) of the southern United States. 

Effects of Radiant Energy on Vegetative Growth. — The spectrum of ra- 
diant energy (Fig. 86) ranges from the very long electric waves to the 
infinitesimally short cosmic waves. All kinds of radiant energy, including 
light, vary in several different ways, the most important of which are: 
(1) irradiance (“intensity"), (2) quality, and (3) duration (Chap. XVII). 
Light is essential to all green plants because of its primary role in photo- 
synthesis. Numerous other effects of light upon physiological conditions 
and processes in plants have been discussed in previous chapters. Among 
these are: (1) chlorophyll synthesis, (2) stomata! action, (3) anthocyanin 
formation, (4) temperature of aerial organs, (5) absorption of electro- 
lytes, (6) permeability, (7) rate of transpiration, and (8) protoplasmic 
streaming. Several of the most important effects of light on plants remain 
to be discussed in this and the following chapters. 

In this chapter the discussion will be restricted to a few of the more 
striking examples of the effects of fiifferences in the irradiance, quality, 
and duration of light and other forms of radiant energy upon the vegeta- 
tive development of plants. 

1. Irradiance. — Variations in irradiance, especially of sunlight, are al- 
most invariably accompanied by at least minor variations in the quality 
of light. This fact must frequently be considered in evaluating the effects 
of different irradiances upon growth or other plant processes. Generally 
speaking, however, under natural conditions, differences in irradiance 
have more significant effects upon the growth of plants than differences in 
light quality. 

For a picture of the overall effect of differences in irradiance (“inten- 
sity") upon growth, we must consider the results of investigations such 
as those of Popp (1926) on soybeans. The plants were grown under six 
different irradiances equivalent on the average to illumination values of 
4285, 1536, 560, 390, and 26 foot-candles, respectively. While during the 
initial period of growth the rate of stem elongation varied inversely with 
the irradiance, when growth was considered for a 7 weeks’ period, a some- 
what different relation was found to hold For such periods the greatest 
height was attained at intermediate values, in this particular experiment 
at 560 foot-candles. The thickness of the stems was found to vary directly 
with the irradiance, while the best general development of leaves, flowers, 
and fruits occurred at the highest irradiance used, which was approxi- 
mately half that at noon on a clear summer’s day (Chap. XVII). 
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Somewhat similar results were obtained by Shirley (1929, 1935), who 
studied the effects of differences in irradiance upon the development of a 
number of species. In general, the absolute drj" weight, percentage of dry 
matter in the tops, rigidity of the stem, and leaf thickness all increased 
with increase in irradiance up to full sunlight, providing other factors were 
not limiting growth. Maximum height of the plants and maximum leaf 
area were attained, on the other hand, at irradiances considerably below 
that of full summer sunlight. Low irradiances also resulted in a consider- 
able delay in the time of maximum flowering and fruiting. 

In general the results of these and other similar investigations indicate 
that maximum height and leaf area were attained at irradiances which are 


considerably less than full summer sunlight. Relatively high irradiances 
result in most species in shorter intemodes, plants of lower stature and 
smaller leaves, but the dry weight, number and size of the root system, 
and production of flowers and fruits is greater than in weaker irradiances. 
Many species show increased growth in terms of dry weight increment 
with increased irradiance up to 100 per cent of summer sunlight, if no 
other factor is limiting. All phases of the growth of typical shade species 
are usually retarded, however, by high irradiances. Many tropical species, 
for example, are shade plants, and attain their maximum development at 
irradiances considerably less than that of full sunlight. 

Effects on growth such as those described in the preceding several para- 
graphs actually represent the integrated influences of many processes oc- 
curring within the plant, a number of which are conditioned directly or 
indirectly by light. Some of these effects of light are directly on one phase 
or another of growth, but others are indirect effects on growth resulting 
m turn from direct effects of light on some other process or processes. For 
example, high irradiances may result in high rates of transpiration which 
are likely to lead to internal deficiencies of water within the plant and a 


consequent retardation or cessation of cell division or cell enlargement. 

ow irradiances, on the other hand, may lead to a retarded development 
^ because of the resulting low rate of photosynthesis. 

Direct effects of light on different phases of the growth process have 
0 ten been studied in comparison with the kind of growth exhibited by 
simi ar plants which have developed in complete absence of light. Growth 
0 plants under such a condition can be maintained only if a supply of 
ood IS available to the growing parts from a storage organ such as a seed 
u 1903) or if the plant is artificially fed with soluble 

carbohydrates. 


ee of dicotyledons which have developed in the absence of light 
ave w itish or yellowish, elongate, spindling stems on which the leaves 
o expand (Fig. 148) and have relatively poorly developed root sys- 
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Fic. 148. nf hcnn {Plmscolmi i^ulpaiis) about two weeks old ^^^o^vn in 

liffht (left) and total darkness (riffht). 


tenis. \\'hen staallin^s of inonocotyledonous speeies devtdop in the absence 
of light the (*h]oi'oph\ ]l-fn’(‘ h'aves ai’c relatively narrow and more attenu- 
ated than tlie lea\'c's of similar })Iants which have developed in the light 
(Fig. 149). The distinctive d(*v(‘lo|mH'nt of plants in the complete absence 


of light is called etiolation. 

Exposure of a plant to light of a very low irradiance is suflficient to 
prevent the development of any pronounced earmarks of etiolation. hen 
seedlings dcvcloj^ in weak light, expansion of leaves and synthesis of 
chloro])iiylI occurs much as in strong light, and the internodes do not 
elongate as much as in similar plants growing in the dark, although the 
plant will usually present a more attenuated ai)pearance than in strong 
light. Even short temporary exposures to light result in the development 
of a much more nearly normal configuration in plants which are otherwise 
kept in the dark (Priestley, 1925, 1926; Biebel, 1942; and others). 

The attenuated structure of leaves (monocotyledons) and of hypo- 
cotyls and stems (dicotyledons) of etiolated plants as compared w'ith 
similar organs developed in the light appears to result chiefly from an 
increase in the length of their component cells, but is also in jiart a result 
of a greater number of cell divisions in the etiolated plants (Avery et aL, 
1937). Light thus has two distinctly different retarding effects upon 
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growth in length of plant organs, one on cell division and one on ceil elon- 
gation. In the first internode of oats, inhibitory effects of light on cell 
division can be induced at much lower irradianccs than inhihitoiy effects 
on cell enlargement (Goodwin, 1911). Within limits the magnitude of the 
retarding effect of liglit upon increase in length of plant organs becomes 

greater with increased irradiance or with increased cx])osurc time at the 
same irradiance (Biebcl, 1942). 

Thomson (1950) has sliown that light has an accelerating effect on 
the rate of elongation of the coleoptile and internodcs of oats but that the 
duration of this phase of growth is sufficiently shortened by exposure to 



449. Seedlings of maize {Zea mais) about two weeks old grown in light 

(left) and in total darkness (right). 


tho ^ *^^*^*' ^ lessened elongation of these organs. On 

leaf K, increase the rate of elongation of the 

this’nr^ ® duration of the elongation period in 

of the S illumination is to increase the length 

manv^mon^*^ n retarding effects on elongation and enlargement of 
tion of Jells generally favors structural differentia- 

cinal wavl Different qualities of light arc obtained in two prin- 

methnrl Z®'’. ^*P®''™ental work with plants. The most commonly used 

s 0 in erpose a filter of colored glass, gelatin, or other trans- 
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parent material between a light source and the plant or plant part to be 
irradiated. The. light source may be the sun but is more commonly an 
artificial one such as a tungsten filament, fluorescent, carbon arc, or mer- 
cury-vapor arc lamp. The wave-length composition (‘^quality”) of the 
light falling on the plant will be in part a function of the emission spec- 
trum of (he source, and in part a function of the transmissive properties 
of the filter, and can be determined with a spectrophotometer. By follow- 
ing such a technique it is possible to separate out from the visible spec- 
trum a number of bands of wave lengths each corresj)onding approxi- 
mately to a known color or narrow range of colors. In the simplest 
experiments upon the effect of light quality on growth as few as three 

ol , corresponding roughly, for example, to the blue, 
green, and orange-red regions of the spectrum. 

A second method which has been employed to obtain different qualities 
of light in plant experimentation is that of dispersion of a beam of “white 
light” through a system of prisms and exposing the plant material to 
different regions of the resulting spectmm. This method can be used only 
when the plant parts to be irradiated are relatively small, as even with 
the largest prisms available only narrow bands of light of a given color 
can he isolated by this method. 

Most qualitatively different lights which have been available for ex- 
perimental use are relatively low in irradiance, and this fact has imposed 
definite limitations on the scope of investigations into the relation between 
light quality and various plant processes. Comparisons between the effects 
of one quality of light and another one on a given reaction in plants are 
valid only when their irradiances at the plant surface are equal. When 
such comparisons arc made in the following discussion such an equality of 
irradiance is to be assumed. 

All experiments upon the effect of limited ranges of wave lengths of 
light upon growth lead to the not surprising conclusion that overall de- 
velopment of a plant and increase in its dry weight take place more effec- 
tively in the full spectrum of visible light than in any spectral portion 
thereof. Overall growth of plants in the green is much less than in either 
the blue-violet or orange-red portions of the spcctnim (Rohrbaugh, 1942). 
The lesser growth in the green undoubtedly results largely, if not en- 
tirely, from the restricted expansion of leaves (see later) and the lower 
efficiency of photosynthesis in the green per unit of incident light as cona- 

pared with other parts of the spectrum. 

The growth reactions to a given spectral band of visible light differ 
from one organ of a plant to another. Light from the orange-red region 
generally results in a lesser elongation of stems and hypocotyls than light 
from other parts of the spectrum. The first intemode of oats and other 
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grasses (Weintraub and Price, 1947; Goodwin and Owens, 1948), the 
hypocotyl and first intemode of bean (Withiw, 1941; Rohrbaugh, 1942), 
and the internodes of pea (Went, 1941) all elongate less in the orange-red 
region of the visible spectrum than in the other regions. Elongation of such 
organs appears to be greatest in the blue-violet, less in the green, still less 
in the orange-red, and least in the complete spectrum of visible light (Fig. 
150). There is also evidence that ultraviolet radiation has a marked in- 
hibitory effect upon the elongation of plant organs (Popp and Mcllvaine 

1937). 

The order of effect of different regions of the spectrum od leaf growth 
differs from that on the elongation of stems. Expansion of the leaf blades 



WAVE LENGTH IN MILLIMICRONS 

Fig. 150. Relation between wave length of light and stem and leaf growth. A 
curve or phototropism is also included for purposes of comparison. Modified 

from Went (1941). 

of pea (Went, 1941) and bean (Rohrbaugh, 1942) is much retarded in 
e green portion of the spectrum as compared with the orange-red or 
ue-violet regions (Fig. 150). Maximum expansion occurs in the full 
spectrum of visible light, next greatest in the blue-violet, and least in the 
greem arker et al. (1949), m a more precise study of the “action spec- 
rum of this phenomenon, have showm that the spectral region of maxi- 
mum effectiveness in promoting elongation of pea leaves lies in the orange- 
red between wave length limits of 610 and 710 mix. 

whi , ^^^Sths of ultraviolet shorter than those found in the sunlight 
aHo earth's surface have a retarding effect on growth and 

ultrnv^ 1 influence on seed plants. The longer w'ave lengths of 

eartl components of the solar radiation falling on the 
of ultr apparently not essential for plants. Such w'ave lengths 

a\io et o not penetrate ordinary greenhouse glass, but many kinds 
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of plants readily complete their life cycle from seed to seed when grown 
in greenhouses. It is highly probable that the effects of such relatively long 
wave-length ultraviolet radiation on plants do not differ greatly from 

those of the relatively short wave-lengtli visible radiation at the violet end 
of the visible spectrum. 

Although nearly half of the solar radiant energy w’hich reaches the 
earth s surface is in the infrared, there is no evidence that radiations in 
this part of the spectrum are in any way essential to plants. Although 
much of the infrared falling on plants is reflected or transmitted by leaves 
or other organs, some is absorbed, and may have effects on growth and 
other plant processes. Tomato plants exposed to a relatively high irradi- 
ance of infrared plus visible radiation had longer internodes, larger leaves, 
and less chlorophyll than similar plants receiving the same quantity of 
visible radiation, but no infrared (Johnston, 1932). 

3. Duration of the Light Period . — In all parts of the w'orld except the 
tropics and subtropics, marked seasonal variations occur in the length of 
the daylight period. At 39"* N. latitude (approximately that of Washing- 
ton, D. C.), for example, on the shortest day (December 21) the period 
from sunrise to sunset is only al)out 9to hr.; on the longest day (June 21) 
it is about 15 hr. At higher latitudes the annual variation in day length is 
greater; at lower altitudes less (Table 44). In the southern hemisphere 
the annual variation in day length is the same as that at corresjionding 
latitudes in the northern hemisi')here, but the season of short days north 
of the e(iuator is the season of long days south of the equator, and vice 
versa. 

TABT.F 44 — APPROXIMATE NITMBER OF HOURS OF SUNSHINE POSSIBLE AT VARIOUS 

DEGREES OF NORTH LATITUDE 


Degrees N. 
latitude 

Approximate latitude of 

25 

Key West, Fla 

27 

Palm Beach, Fla 

29 

San Antonio, Tex 

3 * 

Mobile, Ala 

33 

Charleston, S. C 

35 

Memphis, Tenn 

37 

San Francisco, Cal 

39 

Washington, D. C 

41 

Omaha, Neb 

43 

Milwaukee, W’is 

45 

Portland, C 3 re 

47 

Duluth, Minn 

49 

Vancouver, B. C 


Hours of sunshine possible 


Dec. 21 


Mar. 21 


June 21 


10.6 

10.4 

*0.3 

10. I 
10.0 

9. 8 
9.6 

9-4 

9-2 

9.0 

8.8 
8.5 
8. 2 


12.2 

12.2 

12 2 

12. 2 

12. 2 

12.2 

12.2 

12.2 

12.2 

12.2 

12.2 

12.2 

12.2 


Sept. 21 


U-7 
U 9 

14.0 

14. 1 

*4-3 

14- 5 

14.7 

14.9 

15. 1 

15- 4 

15.6 

15.9 
16. 2 


12.2 

12.2 

12.2 

12.2 

12.2 

12.2 

12.2 

12.2 

12.2 

12.2 

12.2 

12-3 

12.3 
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The development of plants as conditioned by the daily length of the 

light period, a phenomenon called photo periodism, is one of the most 

notable of all reactions of plants to tlicir environment. Tlie length of the 

natural photoperiod is somewhat longer (on clear days about 1 hr.) than 

the period from sunrise to sunset, because light intensity during a portion 

of the morning and evening twilights is sufficient to induce pliotoperiodic 
effects. 



PI Mammoth foljacco plMnt.s from Oarnor and Allard’s expe 

right kpnt ^ "■'"‘f’'' daylight (short day); plant c 

• midniJht '""ter datdight plus artificial light from sunset 

midnight (long day). Photograph from U. S. Department of Agriculture 


knowledge of ithotoperiodism were laid when 
land AT observed the behavior of jilants of the “Alary- 

the of tobacco while growing in a greenhouse during 

but does of tobacco grows to a height of 10-15 feet 

the blossom in the summer while growing outdoors in 

the winto ^ ^ Ai ibigton, D. C. Plants grown in a greenhouse during 

blossnmnr^^' hand, did not exceed a few feet in height, but 

observaf ^ excellent crops of s -d (Fig. 151). These 

ions e to the hypothesis that the dissimilar development of the 
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tobacco plants during the two seasons resulted from the difference in 

length of day, and subsequent more critically performed experiments con- 
firmed this hypothesis. 


Further experimentation on a variety of species soon resulted in the 
discover}' that different kinds of plants react differently to a given length 
of photoperiod and that the most conspicuous effect of day iength is on 
the reproductive growth of plants. Flowering in some kinds of plants, such 
as Maryland Mammoth tobacco, is favored by short days, in other kinds 
by long days, and in still other kinds by a wide range of day lengths 

(Chap. XXXII). 


In this chapter discussion of this topic will be restricted to a considera- 
tion of certain effects of day length upon vegetative gro\^i;h. A number of 
such effects have been recognized. Photoperiodic effects upon reproductive 
growth may indirectly induce effects upon vegetative growth. Many short- 
day plants, exposed to long days, grow in height indeterminately, but if 
exposed to short days vegetative growth in height is soon checked as a 
result of the differentiation of a terminal inflorescence. Alany long-day 
I)Iants, on the other hand, develop only as leaf rosettes when exposed to 
short days, elongation of flower-bearing stems occurring only under long- 
day conditions. The length of the i)hotoperiod also has direct effects upon 

certain phases of vegetative growth; examples of two such effects are 
discussed below. 


Tuberization in a number of species is markedly influenced by the 
length of the photoperiod. In the AIcCormick variety of potato, for ex- 
ample, no tubers form when the plants are exposed to an 18-hour photo- 
period, but there is a good yield of tubers when the photoperiod is 10 hr. 
long (Garner and Allard, 1923). Similarly, tubers form abundantly on 
the underground stolons of the Jerusalem artichoke (Helianthus tubero- 
ms) when the plants are exposed to 9-hr. photoperiods, but do not form 
when the plants are exposed to 18-hr. photoperiods. Furthermore, exposure 
of only one leaf of a plant of this species to a 9-hr. photoperiod while the 
rest of the plant is at an 18-hr. photoperiod induces tuber formation just 
as if the entire plant were exposed to the short photoperiod, but exposure 
of the terminal bud to a 9-hr. photoperiod while the rest of the plant is at 
an 18-hr. photoperiod has no such an effect (Hamner and Long, 1939). 
Obviously the leaves are the locus of a photoperiodic reaction, the effects 
of which are communicated in some manner or another to the underground 
organs of the plant and influence their development. Such an effect can be 
visualized most easily in terms of a hormonal mechanism. 

The development of bulbs by certain species of plants is markedly in- 
fluenced by the length of the photoperiod to which the plant is exposed. 
Bulb formation in most varieties of onions, for example, is favored by 
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relatively long photoperiods, the minimum effective photoperiod varying 
from about 12 to 16 hr. according to the variety (Magruder and Allard 


1937). 

Water. — The dynamic condition of the water in a plant is largely con- 
trolled by the oiiposing effects of tlie pidcesses of transpiration and water 
absorption (Ch.ap. X^"). ^^’henever tlie rate of the former process exceeds 
the latter for any appreciable period of time the volume of water within 
the plant shrinks. Tliis results in a diminution in cell turgidity, an increase 
in the diffusion-pressure deficit of the water in the cells, and a decrease in 
the hydration of the protoplasm and cell walls. A decrease in the hydra- 


tion of the protoplasm in the cells of any meristematic tissue usually re- 
sults in a cessation or checking of cel! division or cell enlargement or both. 
Contrariwise, a shift in environmental conditions which brings about, di- 
rectly or indirectly, an increase in the hydration of the protoplasm of a 
meristem usually results in an increase in the rate of these two phases of 
growth if no other factors are limiting. 

Not all phases of growth are equally affected by a diminution in the 
volume of water within a plant. Roth cell division and cel! enlargement 
are adversely influenced by even a moderate deficiency of water. It should 
be recalled, however, that when an internal deficiency of water exists 
tMthin a plant, water often moves from other organs toward the meriste- 
matic tissues (Chap. XV). The enlargement phase of growth is seemingly 
checked more by an internal shortage of water than the cell division 
phase. Maximum enlargement of cells during growth apparently can be 
attained only when the water supply to them is not appreciably restricted. 
If a shortage of water prevails within the plant the enlargement of cells 
terminates earlier than when water is present in abundance, and structural 
differentiation of the cells ensues sooner. Deficiency of water, in general, 

favors structural differentiation of cells over the cell division and enlarge- 
ment phases of growth. 


^Vater, as it affects growth processes, operates primarily as an internal 
actor but, as such an internal factor, is influenced by a galaxy of environ- 
mental conditions. Any external factor which affects the rate of transpira- 
lon or the rate of intake of water will therefore have an influence on the 
ra e o growth. While temporary periods of internal-water deficiency may 
su rom the effects of other environmental factors, principally those 
uencing transpiration rates, prolonged periods of internal dearth of 

water ^ mostly result from an inadequate supply of available soil 

th^^ habitats periods during which available water is present in 

^ alternate with periods during which there is virtually no 

ai a e water present. Most kinds of plants can survive such intermit- 
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tent periods oi soil drought if none of them is too prolonged. In general, 
however, the more frequent and longer such periods of drought are during 
a growing season, the less the overall growth of a plant. 

For most kinds of plants, a soil-water content in the vicinity of the 
field capacity is the most favorable to continued growth. With a decrease 
in the soil-water content, marked effects on growth do not appear until 
the permanent wilting iiercentage is apjiroached (c/., effects on absorption 
ol water, Chap. XI\ I. At the permanent wilting percentage all growth 
ceases (^^adleigh and riauch. 1948). As the soil-water content increases 
ai)()\'e the field capacity, the growth ot most sjiecies wdll sooner or later 
be ri'tarderl as a result ul the concomittant decreased aeration of the soil. 

Idle the roots of plants ar(‘ usually in contact with liquid water in the 

soil, the aerial parts o! i>lants are continuously bathed in a gaseous 

medium in which water-vapor molecules are present. The humidity of 

the atinosplure is thus another water factor which affects growth and 

other processes in plants. In this connection it should be recalled that the 

significant iiuiex o( atmospheric humidity is the ^'aI)or pressure and not 

tile relative humidity (Fliap. XI). In general, small variations in the 

vapor pi’cssuiT ol the atmosphere have verv little influence on the water 

• % 

content of jilants. an<I hence no appreciable effect on growth rates. This is 
especially true whemwer the soil-water sujiply is adequate. A^’hen the dif- 
f(*rences in vapor juessure are considerabh*, however, marked effects on 
growth result. 'This is exemplified in the work of Nightingale and ^litchell 
(1934) who exposed two groups of tomato plants. l>oth at 70°C. and pro- 
vided with adeciuate suf^plies of soil water, to relative humidities of 
per cent and 95 jicr c(‘nt, respectively. The [dants at the higher humidity 
grew much faster and developed thin-walled, succulent tissues. Those at 
the lower humidity, in which there w*as undoubtedly a more marked in- 
ternal deficiency of water, grew relatively slowly, developed thick-wallcd 
cells, and in general lacked succulence. At the higher humidity, cell divi- 
sion and enlargement, resulting in the develo|)ment of succulent tissues, 
were obviously favored more than structural differentiation. At the lower 
humidity, structural differentiation, principally in the form of a thicken- 
ing of the walls, predominated rather than cell division and enlargement. 

In general, plants which have developed under adverse soil-water con- 
ditions are dwarfed or stunted. Excellent naturally occurring examples 
of the effect of soil drought on the development of plants are always evi- 
dent during years of deficient precipitation in normally mesic habitats. 
Wheat, maize, and other cereal crops, for example, never attain their usual 
stature during a drought season. Similarly the annual shoots of woody 
species do not increase as much in length during droughts as during sea- 
sons when water is present in abundance. Diameter growth of woody 
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stems is also often retarded during drought years. On the basis of this 
fact, numerous attempts have been made to trace past climatic cycles in 
regions in which trees that have attained a considerable age are found by 
a study of the growth rings in the trunks. Considerable caution must be 
exercised, however, in interpreting such data (Clock, 1941). 

An inadequate soil-water supply may check the growth of a plant more 
at certain stages in its development than others. In many species vegeta- 
tive growth is more likely to be retarded by soil-water deficiency than the 
development of reproductive organs. In some sjiecies there are certain 
critical periods during which the water supply must be adequate else pro- 
nounced modifications in the morphogenic development of the plant will 
occur. This is true of wheat and the other small grains in which elongation 
of the inflorescence-bearing stem does not occur until the internodes and 
inflorescence have been differentiated. Deficiency of water during this 
elongation or “shooting” period exerts a marked retarding effect upon the 
height growth of such species, and also upon their yield. 

Concentration of the Soil Solution. — Although the concentration of sol- 
utes in the soil solutions of most soils is so low that their osmotic pressures 
do not exceed a fraction of an atmosphere, certain noteworthy exceptions 
to this statement exist. Among these are salt marsh, saline and alkali 
soils, in which soil solution osmotic j)ressures of tens or even hundreds of 
atmospheres may be attained. Soil solution osmotic pressures ranging up 
to at least ten atmospheres may also exist under certain cultural condi- 
tions. Examples arc soils which have been irrigated with water containing 
relatively high concentrations of salts, or soils which have been injudi- 
ciously overfertilized. This latter situation is quite commonly encountered 
in greenhouses. 

Increase in the osmotic pressure of the soil solution leads to a decrease 
in the rate of absorption of water and, hence, would also be expected to 
result m a retardation in growth. The reality of such an effect has been 
demonstrated by a number of investigators. The results of Hayward and 
ong (1943) , for example, show that the higher the osmotic pressure of 
le solution in a sand culture, as brought about by increased concentra- 
lons o sodium salts, the less the growth, measured as dry weight incre- 
ment, of tomato plants (Fig. 152). Similarly Gauch and Wadleigh (1944) 

af 1 *‘+1 eight increment of bean plants decreased proportion- 

4 ^ ^ increase in osmotic pressure of aerated solution cultures up to 

• } ^^1; ^a 2 S 04 , or CaCl 2 was the salt used to bring about the 

*1^1 osmotic pressure. If the osmotic pressure was increased by the 

tion ^ however, growth was retarded more in solu- 

^ E5 atm. osmotic pressure than in isosmotic solutions in which 
um or calcium salts were the principal solutes present. Although the 
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Frr.. 15'_\ n(^lati()n between osmotic pre^snro of snbsfrafe and vegetative growth 

of tomato. Data of Hayward and Long (1943). 


primary cause of the retarding effect of an increased concentration of 
solutes in the soil solution is undoubtedly an osmotic one, some kinds of 
solutes, such as magnesium salts, when present above a certain concentra- 
tion, exert secondary toxicity effects which further retard growth. In 
naturally occurring alkali soils still other conditions are present which 
have a depressing effect on growth (ATagistad, 1945). 

The relation between concentration of solutes in the aqueous inediuin 
and the late of growth is also an important consideration in sand and 
solution culture techniques (Chap. XXV). 

Concentration of Gases in the Soil Atmosphere. — Except in veiy well- 
aerated soils, such as sands or sandy loams, the concentration of carbon 
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dioxide in the soil atmosphere is usually higher, and the concentration of 
oxygen usually lower, than in the aerial atmosphere (Chap. XIV). 
Marked deficiencies in soil aeration exist most commonly in over-wet 
soils, but such a condition may also be present in fine-pored, tightly 
packed soils even when they arc relatively dry. 

In general, indequate aeration results in a retardation in tlie growth of 
most kinds of plants. The |)rincii)al exceptions to this statement are plants 
which are native to marshy or boggy terra ms. As an example of such an 
effect we may consider the growtli of sunflower and soybean plants wliich 
developed in unaerated sand and loam as contra.sted witli otlu'r j>lants 
of the same species grown in similar but aerated soils (Loehwing. 1934). 
Aerated plants were taller and heavier, had larger and more fibrous root 
systems, and a smaller shoot-root ratio (Chaf). XXXIIl) than the un- 
aerated [)lants. The ash, calcium, potassium, and })hosphorus contents per 
plant were greater in terms of absolute weight in aerated as contrasted 
\\ith unaerated plants. Similarly the total weights per [)lant of starch, 
total sugars, and nitrogen were greater in tlu' aerated i)lants than in the 

unaerated plants. 

The retarded growth of plants in poorly aerated soils undouhtt-dly re- 
sults largely from the reduced absorption of water (Chap. XIV) and from 
the reduced absorption of mineral salts (Chap. XXIV) which occur under 
such conditions. Another possibility is that of diminislu'd caulocaline syn- 
thesis (Chap. XXIX). Although wlien carbon dioxide concentrations in 
soils are sufficiently high that they exert a retarding eft'ect on growth, such 
concentrations are not often obtained even in poorly aerated soils. Leon- 
ard and Pinckard (1946), for exam[)le, found that a carbon dioxide con- 
centration of at least 30 per cent was necessary in the gas mixture saturat- 
ing a solution culture to result in even a small inhibiting effect on the 
growth of cotton roots. Concentrations of carbon dioxide in the soil at- 
mosp lere apparently do not often exceed 15 per cent. On the other hand, 
concentrations of oxygen low enough to exert a retarding effect on growth 
are requently attained in poorly aerated soils. Orowth is retarded in the 
roo s o many species when the oxygen concentration of the soil drops 
eiow 10 per cent (Cannon, 1925, and others). In iKiorly aerated soils 

zem frequently less than this and often approach a 

imnnrf^ T. ^ of oxygen therefore appears to be the more 

as a u-K^i causing diminished growth of both roots and plants 

Mi poorly aerated soils tiian an excess of carbon dioxide. 

of min I -A-lthough it is conventional to speak of the effects 

effects ^ plant growth, strictly speaking they do not have 

entsof^* 1 ^^^y when present in the form of ions, or as constitu- 

mo ecu es. The many and complex relations of the various essential 
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and some nonessential mineral elements to the growth and metabolism 
of plants have already been discussed in Chap. XXV. 

Nitrogen. — In the literal sense nitrogen per se has no effects on the 
metabolism or growth of the higher green plants. The word is conven- 
tionally used, however, for brevity, as a blanket designation for the 

various nitrogenous compounds which participate in the physiological 
processes of plants. 

Hotii carbohydrate anti nitrogenous foods are necessary for the devel- 
opment of any i)lant. Deficiency of either soon results in the aj^pearance 
of characteristic and recognizaI)le peculiarities of growth. The supply of 
carbohydiate and nitrogenous toods within a plant is influenced by many 
factors. Among these are the reciprocal relationships which exist between 
these two kinds of foods. Primary synthesis of amino acids and similar 
com[)ounds 0 (‘curs only at the expense of carbohydrates or their deriva- 
tives \\hich S('rve botli as building material (together with nitrates, or 
otlier nitrogen-containing compounds) and as a source of energy (Chap. 
XX\T) . Rapid amino-acid synthesis therefore results in a diminution in 
the i)roportion of carbohydrate foods in a plant, while plants in which 

« s occurs slowly will often be proportionately rich in 

carbohvdrates. 

As descril)ed in the jireceding chapter, continued growth of any meri- 
stem rcfpiires that there be maintained to it a supply of both carbohy- 
drate and nitrogenous foods. Both of these kinds of compounds arc 
assimilated in relatively large quantities, especially during (he cell divi- 
sion and enlai'gement phases of growth, anti, next to water, these two 
classes of substances arc utilized in greatest tpiantities during growth. 
Considerable quantities of carbohydrates are also used up in any actively 
growing meristem in the process of respiration. 

If the supi^ly of nitrogenous foods to any actively growing vegetative 
meristem is abundant relative to the supply of carbohydrate foods, a 
large quantity of |>rotoplasm will be formed relative to the amount of 
cell-wall material constructed. The resulting cells will usually he large, 
thin-walled, and will contain an abundance of protoplasm. Tissues com- 
posed mostly or entirely of such cells are usually soft and succulent. The 
proportion of mechanical tissue developing under such metabolic condi- 
tions is ordinarily small. 

As a direct outcome of its influence on the development of organs and 
tissues from meristems, a relatively high proportion of nitrogenous to 
carbohydrate foods within a plant results in distinctive morphogenic 
effects on plants (Kraus and Kraybill, 1918, and others). Such plants arc 
usually vigorously vegetative. The tops arc generall}" large, both in abso- 
lute size, and relative to the size of the root system. Leaves are usually 
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large, soft in texture, and dark green in color. The stems are generally 
thick, pithy, and succulent. In common parlance the plants “go to tops” 
under these metabolic conditions, which are most commonly engendered 
by an excess of nitrogenous compounds in the soil. Plants exhibiting this 
luxuriant type of vegetative development usually are comparatively 
unfruitful (Chap. XXXII). 


If the opposite metabolic situation prevails within a plant, and carbo- 
hydrate foods are relatively more abundant than nitrogenous foods, pro- 
portionately more cell-wall stnicture and less protoplasm will be fabri- 
cated. The resulting cells will he small and thick-walled and will contain 
comparatively little protoplasm. Tissues composed largely or entirely of 
such cells are usually compact and more or less woody. The development 
of fibers and of mechanical tissues generally is also favored by an excess 
of carbohydrate relative to nitrogenous foods. 


Under metabolic conditions such as those described in the preceding 
paragraph the overall morphogcnic development of a plant is different 
from that which results when nitrogenous foods are relatively more 
abundant (Kraus and Kraybill, 1918, and others). If the proportion of 
nitrogenous foods available is not too low, the vegetative development 
of the plant will be good but not luxuriant. Stems will be thick and rela- 
ti\ely woody, leaves will be w'cll developed and a normal green in color. 
In size and stature such plants are smaller than those developed when 
nitrogenous foods are present in greater abundance, and the proportion 
o tops to roots is smaller. Generally speaking, how’ever, flowering and 
ruiting occur much more abundantly in such plants than in those in 
ich the proportion of nitrogenous to carbohydrate foods is greater, 
n extreme deficiency of nitrogenous foods, which rarely occurs unless 
ni rogen compounds are deficient in the soil, results in a stunting of 
P ants, and development of the characteristic symptoms of nitrogen 
fe (Chap. XXV). On the other hand, an extreme deficiency of 

J results in a stunting of plants. Such carbohij- 
a e ^ficient plants are likely to be succulent in growth in contrast to 

plants w^hich are usually woody. Dearth of nitrogenous 
^ growdh because little or no new protoplasm can be formed; 

svntheRi« ^^'■^^^^y^rate foods limits growth largely because it checks 
protonlflRr.? cell-wall materials, although indirectly synthesis of 

in ^ limited because carbohydrates are also required 

m ammo-acid synthesis. 

onmenf growing of plants more or less control over their devel- 

the nrnn exercised by employing cultural practices which influence 

within th^ quantities of carbohydrate and nitrogenous foods 

e p ant. One of the more obvious ways in which this can be done 
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is by varying the quantity of nitrogenous fertilizer applied to a soil. 
Many other cultural practices also influence the relative quantities of 
these two major kinds of foods as well as other metabolic conditions in 
a plant, anrl hence its morphogenic development. The more important of 
these are catering, shading, priming, controlling of temperature in green- 
houses, fertilizing, crop rotation, and the interplanting of one crop with 
another. 

Atmospheric Gases. — In the aerial atmosiihere, unlike the soil atmos- 
phere, the concentration oi oxygen is virtually constant, and does not 
need to be consirlered as a variable influencing the development of plants 
under natural conditions. \ ariations in the carbon dioxide concentration, 
although occurring over a much narrower range in the aerial than in the 
soil atmosphei’c, are often sufficient to have considerable effect on the 
rate of photosynthesis (Chap. XIX). The water-vapor content of the air 
varies considerably and the pronounced influences of this factor upon 
transpiration, the internal water relations of plants, and indirectly upon 
growth, have already been considered. 

Sometimes gases other than those normally present in the atmosphere 
become a part of the environment of plants. Smelters, for example, release 
considerable quantities of sulfur dioxide into the atmosphere. This gas, 
in any appreciable concentration, is highlv toxic to plants; hence the 
countryside in the vicinity of- smelters is often virtually denuded of vege- 
tation. Most species of plants are injured by an exposure of only one 
hour to an atmosphere containing as little as one part of this gas in a 
million (Zimmerman and Crocker, 1934). 

Escaping illuminating gas often has injurious or lethal effects upon 
plants. Leaky gas mains sometimes cause the death or injury of shade 
trees along city streets. Similarly injury or death of house or greenhouse 
plants has sometimes been found to result from leakage of gas. Manufac- 
tured illuminating gas contains both carbon monoxide and ethylene, the 
former being present in much larger proportions than the second. Ethyl- 
ene, however, is the chief toxic constituent of such gas. Prolonged ex- 
posure to even very small concentrations of manufactured illuminating 
gas in the atmosphere results in death or profound physiological disturb- 
ances in most species of plants. Natural gas is much less injurious to 
plants than manufactured illuminating gas (Gustafson, 1944), and prob- 
ably never accumulates in houses or greenhouses in harmful concentra- 
tions. Natural gas is composed principally of methane and ethane, and 
contains no carbon monoxide or ethylene. 

Some species, of which the tomato is an example, are exceedingly sensi- 
tive to ethylene. The leaves of tomato plants soon show epinasty (Chap. 
XXXVI) at concentrations as low as 0.1 part of ethylene to a million of 
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air. A few species are even more sensitive to ethylene (Crocker et cL, 
1932). Since such minute concentrations of ethylene are far less than 
can be detected by odor, or even by chemical tests, the simplest method 
of detecting this gas when present only in traces is to stand several young 
potted tomato plants in the room to be tested for several days. If traces 
of ethylene are present epinasty of the h'aves will soon aiipear (Fig. 153). 

A comparison between the toxicity of certain gases to animals (rats 
mire, house flies) and the toxicity of the same gases to green plants 



/ 


Fio. 153. Epinasty in tomato resulting from exposure to ethylene. Plant on 
right exposed to 0.1 part per million of ethylene for 48 hr.; plant on left kept 
under same conditions in an ethylene-free atmosphere. Photograph from Crocker 

et al., (1932). 


(tomato, buckwheat, tobacco) is afforded by the work of Thornton and 
Setterstrom (1940) and Weedon et al. (1940). The order of decreasing 
toxicity of the several gases to animals was HCN: HoS: C\y. SO.j: NH:^. 
The order of their decreasing toxicity to green plants was notably differ- 
ent: CI2: SO2: NH3: HCN: H2S. 

Gaseous emanations from certain woods, oils, and varnishes have been 
shown by Weintraub and Price (1948) to have marked inhibitor>’' effects 
on the growth of plants. 
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Mercury vapor is j)resent in the atmosphere of any room in which 
liquid mercury is exposed to the air and is highly toxic to many kinds of 
plants. ^lercury spilled in a greenhouse^ for example, has been known 
to result in comf)leto defoliation of certain species, such as roses. 

Another aerial, although not gaseous, factor in the environment of 
many plants is salt-water spray, droplets of which may be carried a mile 
or two inland by only moderately strong winds, and under hurricane 
conditions much farther. Ocean-water spray is highly toxic to many land 
jdants, young leaves and twigs being the most susceptible, but some 
spc'cies are much more liable to injury from such spray than others. The 
sheared off configuration of many species of seaside trees and shrubs 
results at least in part from salt-spray injury. The distribution of plants 
in coastal areas is also controlled in part by their tolerance to ocean- 
water spray (Wells and Shunk, 1938). 

Physiological Preconditioning. — The growth performance of a plant at 
any stage of its (knTlopment is not only continuously influenced by its 
hereditary make-up and by the prevailing environmental conditions, but 
often shows a lingering effect of the environmental conditions to which 
it has been exposed during some previous stage in its life history. The 
induction within a plant of internal metabolic conditions which carr}'^ 
over into and influence its growth or reactions during a later stage in its 
life history is called 'physiological preconditioning. The phenomena of 
hardening, already discussed, and of photoperiodic and thermal induction 
(Chap. XXXII I arc excellent examples of physiological preconditioning. 
Another example is the phenomenon called Dernalization. This term usu- 
ally designates a low temperature (usually just above freezing) treat- 
ment given slightly germinated seeds before sowing which shortens the 
time to flowering of plants which develop from them. Less commonly the 
term is api)lied to the treatment of seeds at relatively high temperatures, 
or to treatment of other plant organs than seeds (McKinney, 1940). 
Vernalization of the grains of a winter wheat variety, for example, so 
speeds up the completion of its life cycle that it can be grown as a spring 
wheat. The fundamental physiological effect of vernalization appears to 
be an earlier induction of flowering. The physiological mechanism in- 
volved is probably akin to those of thermal and photoperiodic induction. 
Vernalization of seeds sometimes occurs while they are still attached to 
the parent j^lant, so that the environmental conditions prevailing while 
seeds are developing within the ovulaiy may have a delayed influence 
upon the subsequent development of plants from them. “Devemalization 
of seeds may also occur. A temporary period of high temperatures may 
largely or entirely offset any vernalization already achieved during a 
preceding period of low temperatures. For further information on this 
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topic the works of AVhyte (1946) and Murneek and Whyte (1948) should 
be consulted. 
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DISCUSSION QUESTIONS 



number of plant.'-' of identical ph>sioIogical constitution. Sugge.^t several ways in 
winch thi.-^ can be accompli.-^hed. 

2. Wh\' are hilltops usually better locations for apple orchards than nearby 

value's? 

3. Peach trees often show winter iniurv on the side of the trunk with a 

* 

southern exposure. The north side of the trunk seldom shows such injury. Ex- 
plain. 

4 . Some of the largest yields of hay per acre have been obtained in Alaska. 
Suggest possible explanations. 

5. In regrading lawns, the depth of the soil is often increased by one or more 
feet above the original level. Trees of some species are killed by such a treat- 
ment. Why? If a relatively small area around the tree trunk is kept free from 

soil the tree mav survive. Whv? 

* « 

6. What type of low temperature injury is probably most effective in pre- 
venting the spread of subtropical species into temperate regions? 

7. Suggest reasons why northern species of plants often fail to survive when 
transplanted to more southern latitudes. 

8. List the important physiological processes occurring in a leaf-bearing meri- 
stematic shoot of an herbaceous plant that will usually show a change in rate 
when a cloud obscures the sun after a period of direct exposure to sunlight under 
“standard day” conditions. Explain, for each process, whether you would expect 
an increase or a decrease in rate and why. 

9. Why are greenhouses often operated at lower night temperatures than day 
temperatures? 

10. In general, would you expect soil nitrogen conditions which are favorable 
to the development of good crops of lettuce or celery to be equally favorable to 
the development of good crops of Irish potatoes? Explain. 

11 . What are some of the ways in which the proportion of carbohydrate to 
nitrogenous foods in plants can be increased? Decreased? 

12. Why do not apple or peach trees grow well in Florida? 

13 . To insure maximum hardiness of young plants, to what combination of 
light, temperature, and water supply conditions would you expose them for a 
period before exposure to freezing temperatures? 
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As applied to the seed plants, to which this discussion is restricted, 
‘reproductive growth’* refers, in general, to the formation of flowers, 
fruits, and seeds. This term therefore embraces a complex of closely inter- 
related processes and phenomena, some of which occur sequentially, while 
others overlap in time. 

The principal events which usually occur during the reproductive 
growth of a seed plant arc: initiation of flower primordia, maturation of 
floral parts, development of the pollen grains within the anthers, develop- 
ment of an embryo sac with an egg and a fusion nucleus in each ovule in 
the ovulary, pollination, formation of two sperms from the generative 
nucleus in the pollen grain or tube, growth of the pollen tube from the 
stigma into the ovule, fertilization (fusion of one sperm with the eggl 
and triple fusion (fusion of the other sperm with the fusion nucleus), 
development of the embryo from the fertilized egg, development of the 
endosperm from the endosperm nucleus, development of the seed from 
the ovule, and development of the fruit from the ovulary or from the 
ovulary and adjacent tissues. 

Although all of the processes and phenomena listed above are phases 
of reproductive growth, two main stages, the flowering stage and the 
fruiting stage, can be clearly distinguished. The latter can be considered 
usually to begin with pollination. Not only are these two stages morpho- 
logically distinct, but they are physiologically even more distinct. Flower- 
ing, despite its morphological and physiological complexity, is a relatively 
transitory phase in growth. Vegetative growth and fruit growth, on the 
other hand, are usually processes of considerable duration and physiologi- 
cally resemble each other more closely than either resembles flowering. 
These former two kinds of growth are usually conditioned much more by 
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1 C general nutritive conditions of the plant than is flowering which 
appears to be predominantly under Iiormonal control (see later) 

mer"i!ten'rco"t Flowers.-Some vegetative apical stem 

the life li "‘7 f'T but sooner or later, in 

renroducti^ some of them become transformed into 

one lo may be regarded as a basic 

c, less difTerentiated physiologically and inorphologically than the 

,X°'oc ''"e^bative into the reproductive state 

thnl tl"'"'’ "benever environmental conditions become such 

I t 1 1 T TT" ^""-btions leading to flower induction arc 

e tabhsheil w.thm the nuaistem. The phrase “sooner or later” as used 

length of time which a given apical meristem remains in the vegetative 

,7^*^ transformation into a reproductive meristem 

fiffers greatly from one kind of plant to another and from one meristem 
0 ano icr on a gi\en plant, being conditioned in part by genetic and 

pai )y en\ ironmental factors. Lmder certain environmental condi- 
lon., not exactly the same for any two kinds of plants, a plant may 
remain indefinitely in the vegetative condition (Chap. XXXII). 

i^omc meiistems start difTerentiating as reproductive meristems almost 
from the moment of their inception. This is true, for example, of the 
apica meristems of the lateral flower buds of many woody plants such 
as peach, redbud, elm, and some species of maples. Among temperate zone 
woody plants such floral meristems usually differentiate during one grow- 
ing season but the flowers do not open until the next. 

Examples of delayed transformation of a vegetative into a reproductive 
meristem can be seen in any herbaceous plant which hears a terminal 
inflorescence at the end of a leafy shoot which has first elongated for some 
weeks or months before the initiation of flower primordia begins. Exam- 
ples include tobacco, mints, asters, goldenrods, phloxes, and grains. Similar 
growth behavior is exhibited by many woody plants such as dogw'ood, 
magnolias, rhododendrons, spiraeas, sumacs, and aralias. In many siich 
woody species conversion of apical vegetative meristems to reproductive 
meristems occurs toward the end of a period of shoot growth, resulting 

in the formation of terminal flower buds, which do not open until the next 
growing season. 

The first steps in the transformation of a vegetative to a reproductive 
meristem are invisible physiological changes resulting in metabolic condi- 
tions wdthin the meristematic cells which completely alter the differentia- 
tion pattern of the meristem. 

In some species of plants the transformed meristem becomes in effect 
an inflorescence primordium from which an inflorescence bearing a num- 
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ber of flowers develops; whereas in the other species only a single flower 
becomes differentiated from the transformed meristem. Fig. 154 shows the 
morphological stages in the transformation of a vegetative into a repro- 
ductive meristem, as it occurs in one species. The first microscopically 
visible change in the transformation of a vegetative into a reproductive 
meristem is one in its configuration. Growth of the central portion seem- 
ingly is inhibited, and the meristem becomes flattened on top instead of 
more or less conical. Small protuberances develop from this modified 




B 
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stamen 

carpel 


placenta 



Fig. 154. Stages m the transfonnation of a vegetative to a floral meristem in 
pepper, as seen in longitudinal section. (A) Vegetative stem tip (c/ Fig 140) 
B) Apical meristem has become flattened. (C) Initiation of first floral parts 
(sepals) has begun. {D) Later stage showing initiation of petals. (E) Still later 

'nitiation of stamens and carpels. (F) Well differentiated flower 
owing an early stage of carpel formation. Redrawn from Cochran (1938). 

meristem m a regular spiral or wliorled arrangement. These mound-like 
protuberances are the primordia from which flower parts develop in a 
manner analogous to that by which leaves develop from similar pro- 
tuberances on a vegetative meristem. A marked difference in the develop- 
ment of the two meristems, however, is that there is no elongation of the 
axis between successive floral primordia such as usually occurs between 
successive leaf primordia. Although details of flow-er development differ 

considerably from one species to another the fundamental pattern fol- 
lowed IS similar in all species. 

At first the floral parts of most flowers are tightly enclosed within the 
overlapping sepals, constituting a flower bud. Subsequently expansion of 
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the flower hud into the opened flower occurs, a stage in flower develop- 
ment called anthems. idle sepals, or both sepals and petals, are present 
in tlu' majority of flowers, the only essential parts are the stamens and 
th(' pistils, d he majority of plants are l>isp()rangiate species and have 
both of these structures present in each flower. In some plants (monoc- 
(‘ious sj)eci('sl, however, some flowers are standnate and others pistillate, 
hut both kinds are borne on the same plant. In others (dioecious species) 
some plants bear only standnate, other plants only pistillate flowers. 

The most jironounced physiological and devclojimental changes in the 
plant’s existence occur in the brief period of floral differentiation. The 
whole pattern of structural differentiation changes profoundly during 
the transformation of a vegetative to a reproductive meristem, reflecting 
equally deep-seated changes in metabolism. The rapid change from the 
male i)hysiological state (stamens, etc.) to the female physiological state 
(carpels, etc.) over a very short distance is another striking feature of 
the dilTerentiation of most flowers. Physiologically these two states may 
diffi’r from each other as much as cither of them differs from the vege- 
tative state. 


Young developing flowers arc centers of a myriad of metabolic changes, 
ddie metabolic complexity within the cells of developing flower parts is 
probably greater than within any other plant tissue. Very little is actu- 
ally known, however, of the specific metabolic conditions which are asso- 
ciated with the reproductive state in general as contrasted with the vege- 
tative state, or of the physiological differences between the male and 
female states. That hormones play a role in the initiation of flowers does, ^ 
however, seem clearly indicated (Chap. XXXII). Respiratory activity, 
an indirect index of metabolic activity, is always high in young floral - ■* 
meristems, but this is also true of other meristems. Assimilatory rates arC 
also high, and there is a continuous translocation toward a developing 
flower of foods, water, compounds containing mineral elements, and hor- 


mones. 

Pollen and Pollination. — Pollen grains differ greatly in size, ranging from 
about 5-200 g in diameter, and also in configuration (Fig. 155) from one 
plant to another, but their physiological role is similar in all species. T e 
quantity of pollen produced also differs greatly from one kind of plant to 
another. Some plants produce pollen only sparingly; others, with grea 
prodigality. A single com plant, for example, is estimated to re ease 
50,000,000 pollen grains. Only about 1000 pollen grains are required i 
fertilization of all of the egg cells in all of the ovules of one com p ^ 
is to be accomplished. 

Ontogenetically the pollen grain and the pollen tube that deve op 
from it represent the male gametophyte. When first formed a pollen gram 
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contains two nuclei, the tube nucleus, and the generative nucleus. The 
latter subsequently divides, either in the pollen grain or in the pollen 
tube, resulting in the formation of two sperms which are male gametes. 

Pollination, or transfer of pollen from the anther to the stigma of the 
same or another flower, is effected principally by wind and insects. Some 
species are entirely wind-pollinated, some are entirely insect-pollinated, 
while in some both modes of pollen transfer may occur. Other Ic.ss com- 
mon agents of pollen dispersal are gravity, water, and certain animals, 
including man. 



™ ""ht: sunflower {Helianthus aiinuus) 

(Ambrosia trijida). Bottom row, left to right ’ 
privet (Ligustrum ibota), white oak (Quercus alba), dandelion {Taraxacum 

officinale). From Wodehoiise (1935). 


Sdj -pollination is the transfer of pollen to the stigma of the same 
flower, or of another flower on the same plant. Cross-pollination is the 

D W S the'’ " I™ H to stigmas of another 

plant of the same kind. AVhen the two plants involved in eross-pollination 

carry identical chromosome complements, however, the genetic effect of 

the usual occurrence m a number of species, such as wheat, oats, barley 
and tobacco, m which the pollen is shed before the flowers open In some 

oblirto^ in ' //■ Cross-pollination is 

hgatory m sel -sterile plants, if normal fertilization is to occur. 

stigZ iTn'd on or be deposited on a single 

gma. Under conditions of abundant pollination from 600 to 900 polL 
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grams may ho present, for example, on a single stigma of jimsonweed 
( Biiehiiolz. 19311. F.ven “foreign” pollen grains sometimes germinate on 
a .^tigma, l)iit growth of the pollen tube usually fails to occur or takes 
piac(' very slowly. If a jiollen grain from one plant falls on a stigma of 
(lie same plant, gcainination u.Mially occurs, aKhough not always. Pollen 
from a giv<'n plant oHen fails to germinate on the same individual plant; 
or, if germination occurs, the pollen tube grows sluggishly. This is one 
cause of sell-sterility in plants. ()n the other iiand, pollen from a given 
plant usually germinates on the stigma of another plant of the same 
species, provided tlu‘ stigma has reached an aj^proj'U’iate stage of develop- 
ment and einironmental conditions are favorable. 

riermination of a jiollen grain, under favorable environmental condi- 
tions, commonly occurs within a few minutes of its making contact with 
the stigmatic surface. Usually only one pollen tube elongates from a pollen 
grain, but in some sjiecies more than one develops. ^A’hen a plural number 
of tubes forms, however, ordinarily all except one soon cease growing. 
r'A'(‘n branching of pollen tuix's may occur in some species. 

I he pollen tube serves as the mode of transport of the sperms from 
llu' stigma int{> the embryo sac. The distance which the pollen tube must 
grow if this transfer is to be accomplished is \'ery short in some species, 
but may be as much as 30 cm. in other kinds of plants, such as maize, 


with long styles. 

The time interval Ixdween germination of a pollen grain and fertiliza- 
tion differs greatly from one kind of plant to another, but for many lies 
within the range of 12 to 48 hr. In a few plants, however, such as barley, 
this time interval is less than an hour and in some, such as certain oaks 
and pines, it may be months, even exceeding a year in a few species. The 
absolute rate of elong*ation of j^ollen tubes ranges up to about 34 mm. 


per hr. 

The rate of growth of the pollen tube is markedly influenced by envi- 
ronmental conditions, especially temperature. In tomato, for example, 
their maximum rate of growth occurs at about 20°C., being less at higher 
and lower temperatures (vSmith and Cochran, 1935). 

Apart from environmental conditions, the rate of pollen-tube growth 
is markedly influenced by the degree of phj^siological “compatibility 
betw'een the pollen tube and the tissues of the pistil. Incompatibility 
usually exists between the pollen of one species and the stigma of another. 
Incompatibility between pollen and pistillary tissues is also common m 
many si)ecies when self-pollination occurs. Although germination of the 
pollen grains may occur, the pollen tubes grow very slowly, and fertiliza- 
tion seldom results. When cross-pollination occurs in the same species, 
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however, rapid growth of the ])oIlcn tubes is the usual occurrence. The 
exact physiological basis of sucli incompatibilities is unknown. 

Even when a high degree of i)hysiological compatibility exists between 
the pollen tube and ])istillar tissues, some pollen tuljes elongate through 
the tissues of the style and ovulary much more rapidly than others. The 
tube which enters a given embryo sac first is usually the one from which 
the sperms come which accomi)lish fertilization and tiiple fusion. If an 
ovulary contains but one ovule, only one pollen tube is recjuired if fertili- 
zation of the egg in the enclosed embryo sac is to be accomplished; if it 
contains more than one ovule one pollen tube is recjuired for each, if all 
egg cells in all the embryo sacs are to be fertilized. 

The growing jiollen tube is largely i)arasitic upon the tissues of the 
pistil, from which it undoubtedly obtains water, mineral salts, foods, and 
prol)ably also hormones. The growing tube i)robably releases enzymes 
which aid in the digestion of foods. There is also much indirect evidence 


(see later! that it releases enzymes or hormones which have marked 
effects ujjon the development of the i)istil and organs enclosed within it. 

Pollen grains germinate under artificial conditions if strewn on the 
surface of a sucrose- water, or sucrose-agar (about 1.5 per cent)— water 
medium (Brink, 1924; Blair and Loomis, 1941 ; Sartoris, 1942; and othersl. 
llic most favorable concentration of sucrose for germination differs con- 
siderably according to the kind of pollen, but is usually in the range of 
5-25 per cent. Germination of at least some kinds of pollen on such media 

occurs within a few minutes, and elongation of the pollen tube may be 
very rapid. 

Various extracts and compounds have been shown to influence the 
pmnnative capacity of pollen grains and rate of growth of pollen tubes 
in artificial media (Brink, 1924; Smith, 1942; Addicott, 1943). Of pos- 
sibly especial significance is the fact that boron has a markedly enhanc- 
ing effect upon the percentage germination of some kinds of pollen 
(bchmucker, 1934; and others). 

The length of time for which pollen grains of different species remain 
viable under ordmaiT air dry conditions ranges from a few hours to sev- 
eral months (Holman and Brubaker, 1926). The iiollen of grasses, includ- 
ing corn, rye, barley, and wheat is notoriously short-lived, often retaining 
>ts germmative caiiacity for only a few hours and seldom for more than 
a lew days even under the mo.st favorable conditions. 

The life duration of many kinds of pollen can he extended, in some 
species up to at least a year, by storage at low humidities in conjunction 
h relatively low temperatures. Prolongation of the life of iiollen is 
often an important consideration in certain plant breeding problems-^ 
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for example, when it is desired to cross two varieties which bloom at 
dinercnt seasons. 

^yholly apart from its role in reproduction, pollen is of considerable 
medica interest because it is the causal agent in the well-known ailment 
of hayfever. This disease is induced in many persons when the free- 
floating pollen of the atmosphere comes in contact with the mucous mem- 
branes of ^ic eyes, nose, throat, bronchial tubes, and lungs. The number 
ol kinds of pollen which cause hayfever is relativelv small. Only pollens 
which are lilierated in abundance and which are wind-borne are causal 
agents in this malady, and of them only those pollens which possess 
allergenic toxicity to at least some humans actually do cause hayfever 
Pines and other conifers, for example, are extravagant producers of 
pollen, hut witli the exception of the junipers, none of the North American 
species IS known to he a hayfever plant. Some plants such as roses and 
goldonrods, which are popularly supposed to be major culprits, actually 
play only minor or negligil)le roles as causal agents in hayfever. 

In nuich of temperate North America three main hayfever seasons can 
he distinguished ^A^odehouse, 1945). An early spring season, usually the 
least se\eic and of shortest duration, results from the presence of certain 
tree j^ollens in the atmosphere, especially those from elms, maples, wil- 
lows, poj^lars, i)ii'ches, and oaks. Early summer hayfever is caused princi- 
pally hy the pollens of a number of species of grasses, especially June 
glass, orchard grass, timothy, and redtop. The incidence of early summer 
hayfever is much gi-eater than that of spring hayfever, and the season is 
considerably longer. Late summer hayfever, which accounts for more 
victims of this affliction than the other two seasons combined, is caused 
principally by the pollen of the ragweeds, sagebrushes, cockleburs, false 
ragweeds, and salt bushes. 

A sufferer from hayfever may be allergic to the pollen of only a few, 
or even of only one, species of plants. Only a competent allergist can 
determine, by means of suitable skin tests, the kinds of pollen which 
actually cause hayfever in a given person. Complete relief from the 
malady can usually be obtained only if the victim moves, during the 
pollination season of the causative plants, into a region in which they do 
not grow. At least partial relief can usually be obtained from injections 
of extracts jirepared from the causative pollen. 

Initiation of Embryo and Endosperm Growth. — Fertih'zation and Triple 
Fusion . — The essential feature of sexual reproduction is the union of an 
egg and a sperm, the process called fertilization. In the angiosperms the 
egg cell is an integral part of the embryo sac, which is enclosed within an 
ovule. In the majority of angiosperm species, the fully developed embryo 
sac is a seven-celled, eight-nucleate structure (Fig. 156). In some species. 
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however, the embryo sac is four-nucleate; in others sixteen-nucleate. 
Ontogenetically the embr>m sac represents the female gametophyte in 
the angiosperms. 

Access of the pollen tube into the ovule is commonly, although not 
always, achieved through the micropyle. The tube then i>enetrates the 


nucellus and passes into the embryo sac be- 
tween the egg and an adjacent cell. Fertiliza- 
tion usually occurs shortly after the tube 
enters the embryo sac. 

In addition to the egg cell, especial signifi- 
cance attaches to the polar nuclei in the large 
central cell (Fig. 156) of the embryo sac. 
These two nuclei join, forming a fusion ni/- 
cleus, with which the second sperm from the 
pollen tube unites, resulting in a triploid endo- 
sperm nucleus. In a few species only one polar 
nucleus is present which unites with the male 
gamete in forming the endosperm nucleus, and 
in some species more than two polar nuclei 
are formed during embryo sac development, 
all of which fuse with a sperm in the forma- 
tion of the endosperm nucleus. Ordinarily 
only one pollen tube penetrates an embryo sac, 
one sperm uniting with the egg, the other with 
tlie fusion nucleus. Occasionaliv more than 
one pollen tube may enter, and the sperm 
which unites with tlie egg may come from a 
different pollen tube than the sperm which 
unites with the fusion nucleus. 

Apomixis . — The reproductive apparatus 
does not operate identically in all plants, and 
many deviations from the most common 
mechanism as described above are known. 



Modes of asexual reproduction ({.e., repro- 
fluction without fertilization) which outwardly 
appear to be sexual reproduction arc of regu- 
lar occurrence in some species and occasional 
in others (Stebbins, 1941). The generic term 
for this kind of reproduction is apomixisy of 
which three main types are recognized. 

In one kind of apomixis the haploid egg cell 
develops into an embryo sporophyte without 


Fig. 156. Embryo sac 
(eight-cell stage) of Epi- 
pactis. Egg cell and two 
synergids at upper end; 
three antipodals at lower 
end. Subsequent union of 
the two nuclei nearest cen- 
ter (polar nuclei) results 
in formation of the ftision 
nucleus. Redrawn from 
Bro\vn and Sharp (1911). 
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ll,c partkenogemsis) , OT under 

.0 ...duenee of a pro.uot.ve influence f„„u the growing poll™ lube or 

ei ilu'vo n']nv°l '"l'’ ' 'll"’" Less commonly an 

A from another cell of the embryo 

Live Hw 1°' l"'’;’”"""’,'"'- ‘I''' “f “Pfnixis 

‘ C hap Old number of chromosomes and are usually sterile 

som'l f the cells of the embryo sac, because of 

00 ^^! M development, all 

le dijiloid number of chromosomes. Development of the embryo 

may proceed according to methods analogous to those occurring in haploid 

apomixis, i.e., by chploid parthenogenesis, diploid pseudogamy, or diploid 

(jpogamety. ^ 

In a third type of apomixis iadrentitious embryony) the embryo devel- 
ops ( irectly fiom an ovular tissue of the parental sporophyte, usually the 

intbgument or the nucellus. Such embryos are diploid and genetically 
idontical with the i)arent sporophyte. 

Poli/embri/oni/.—Thi^ term refers to the development of more than one 
cm)i\o uithin a single ovule. Polyembryony is of frequent or regular 
oceurrence m some species, and of sporadic occurrence in others (AVebber. 
1940). The causes of polyembryony are complex, and only the main 
nuchanisins can be mentioned in this discussion. In many gymnosperins 
theic aie legularly two or more egg cells in eacli female gametophyte, 
each of which, ui)on leitilization, develops into an embr>'o. An analogous 
situation occurs in some angiosperms, in which other cells of the embryo 
sac in addition to the egg may develop into supernumerary embryos, 
either with or without previous fertilization. Cleavage of the fertilized 
o*’ young embryo into two or more units, and subsequent development 
of each into a genetically identical embr>m, occurs in a number of species, 
especially among the gymnosperins. Another cause of polyemI)ryony is 
the development of tw^o embryo sacs wdthin the same ovule, as in alder 
(Alnus ?*u^05a), the egg in each of which gives rise to an embryo. Still 
another and common cause of a plurality of embryos w'ithin an ovule is 
the apomictic development of one or more embryos from ovular tissue as 
previously described. In some species one or more embryos of this origin 
may occur side by side in an ovule with an embryo derived from a fer- 
tilized egg; in other species only apomictic embryos are formed. 

Development of the Seed. — The processes of fertilization and triple fu- 
sion not only set in motion the development of the embryo and the 
endosperm, respectively, but also exert a promotive influence on the de- 
velopment of the ovule into the seed and frequently also on the develop- 
ment of the fruit (see later). 

The fertilized egg cell does not usually divide at once, but only after 
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a short delay. Once cell divisions start, however, they usually continue 
without interruption until a fully differentiated embryo has been devel- 
oped. The foods used by the developing ombrj'o come from the plant on 
which the flowers w'ere borne, usually through the endosperm as an inter- 
mediary. The specific nutritive requirements of plant embryos are dis- 
cussed later. 

The endosperm, which in mo.st species is a short-lived tissue, develops 
from the endosperm nucleus. The endosperm u.sually becomes an actively 
growing tissue shortly after the occurrence of triple fusion. In most species 
considerable development of the endosperm has already taken place before 
cell division starts in the fertilized egg. 

The extent to which the endosperm develops as an organized tissue 
differs greatly from one kind of plant to another (Brink and Cooper, 
1947). In some species, such as orchids, little or no growth of this tissue 
occurs. In the majority of species the endosperm grows rapidly during the 
early stages of seed development, but is later digested and used as a 
source of food by the growing embryo. The endosperm matrix appears to 
be an especially suitable medium for the growth of embryos, particularly 
in he early stages of their development. In such species the endosperm 
ce Is adjacent to the embryo disintegrate and disappear, and by the time 
le see is mature, little if any of the endosperm remains. During the 
atter stages of embryo development in such species considerable quanti- 
les of foods usually accumulate in the cotyledons. In a smaller number 
o species, such as the cereals, date, coconut, and castor bean, the endo- 
sperm persists as a storage tissue in the mature seed. In such plants the 
coye ons are less well developed than in most other plants, and the 

oods in the endosperm are utilized by the developing seedling during 
germination (cf. Fig. 167). ® 

and becomes 

called B a tissue 

the on . accumulate in this tissue much as they do in 

incl.!le u J^^P'^'s^^tative species in which a perisperm is present 
both Uie^enr^’ ^ 

0flTd?L\heT'^ transformation which occurs during the morphogenesis 
ments) T} ^ the ovule coats (integu- 

S and^;. -PP*^ --t seed coats Le 

poLmaSLlt the process of 

within the fruit k invariable one. Failure of seeds to form 

nut IS especially common when a usually cross-pollinated 
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species is scif-pollinated, or when cross-pollination occurs between dif- 
ferent species or different varieties of the same species. The principal 
causes of a failure of seeds to develop are: (1) failure of pollen to ger- 
ininate after pollination, (2l pollen tubes may grow too slowly for fertili- 
zation to be accomplished or the tubes may burst before reaching the 
enibiyo sac, (3) fertilization fails to take place, (4) fertilization occurs 
but abortion follows before more than a few divisions of the fertilized 
egg occur, (5) fertilization occurs and embryo growth proceeds but is 
arrested at a later stage in its development. Failure of the embryo to de- 
velop to maturity api)ears to result from physiological conditions inherent 
in tlie young embryo or in the surrounding endosperm. The first four con- 
ditions listed al)ove commonly lead to the development of ‘‘empty" seeds; 
the last one usually rc'sults in tlie formation of shrunken and usually non- 
viable seeds. 

Development of Fruits. — The diversity in sizes, shapes, colors, textures, 
and arrangements of fruits is as groat as that of the flowers which are 
their foreninners. Fundamentally, however, the morphogenic develop- 
ment of all fruits is similar. The sim|>Ier kinds of fniits develop solely 
from pistils. Such gradual transformations of pistils to fruits can easily 
be obser\'ed in many kinds of plants. Examples of simple fruits, which 
are in essence only modified pistils, include the bean, pea, tomato, cotton, 
grape, avocado, orange, maple, elm, basswood, peach, cherr>% and olive. 
In the development of some kinds of fruits, however, other parts, most 
commonly the receptacle or floral cup, ripen along with the pistil and 
are incorporated into the final structure of the fruit. Examples of such 
fruits include apple, pear, rose, cucumber, blueberry, and sunflower. 

In general, development of a fruit and its enclosed seed or seeds occurs 
concomitantly and in a reciprocally coordinated fashion. During the trans- 
formation of some pistils, or j)istils plus adjacent parts, into fruits a con- 
siderable enlargement may occur, as much as several hundred fold m 
some. The resulting mature fruit tissues may be soft and fleshy as in to- 
mato, or hard and dry as in nut fruits. In other plants development of 
floral organs into fruits may occur with relatively little enlargement of 
the tissues; the resulting fruits more frequently being dry and hard than 
soft and fleshy. 

The processes of pollination and fertilization exert marked influences 
on the development of most fruits. Failure of pollination to occur usually 
results in abscission of the pistil and a consequent failure of fruit to form. 
The influence of pollination upon the development of fruits is probably 
mediated at least in part through auxins. Pollen grains and tubes are 
known to contain auxins in considerable quantities. It seems unlikely 
however, that the quantity of auxins furnished by the pollen tubes is suf- 
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ficient to be the sole cause of fruit development (Van Overbeek et al.j 
1941). Ovularies contain very little active auxin, but considerable quan- 
tities of bound auxin. The results of Muir (1947) indicate that bound 
auxin in the pistils of several species is converted into active auxin under 
the influence of some substance, probably an enzyme, which comes from 
the pollen tubes thus further increasing the auxin content of the pistils. 
A primary effect of its increased auxin content is the prevention of abscis- 
sion of the pistil (Chap. XXX^'’). Soon after pollination, but before fer- 
tilization, the ovules and ovularies start to grow. Enlargement of these 
organs, at least during the early stages of fruit development, is presum- 
ably induced by auxin set free as dcscril)ed above. 

However, most fruits do not develop normally unless pollination is fol- 
lowed by fertilization and resulting development of the embryo or em- 
bryos. The young seeds within developing fimits contain relatively high 
concentrations of auxins (Custafson, 1939a, and others). Furthermore, if 
the central part of a fruit including the ovules is removed, the fruit 
ceases to grow, but if the eviscerated cavity is packed with lanolin con- 
taining auxin its growth continues (Dollfus, 1936). Auxin derived from 

developing seeds tlierefore appears to be necessary for the continued 
growth of most fruits. 


Fruits usually contain seeds but this is not invariably true. Seedless 
fniits are of regular occurrence in some kinds of plants such as certain 
varieties of banana, orange, grape, cucumber, and sunflower. Such fruits 
are also of sporadic occurrence in many other kinds of plants (Gustafson, 
1942). This condition of scedlessness is termed parthenocarpy. The desig- 
nation “seedless” as applied in this connection refers to a lack of viable 

seeds, many parthenocarpic fruits contain partially developed seeds which 
are empty, i.e., lacking an embryo. 

The sequence of events leading to the devclojjment of parthenocarpic 
rui s IS c iffcrcnt in different kinds of plants. In some species development 

0 iruits proceeds in the absence of pollination, and hence of fertilization, 
a ough the more usual consequence of a failure of pollination is for the 

fr’n ul r plants the physiological effect of pollination not 

nf ^.l^'^’l'^ation is adequate to induce fruit development. Failure 

er 1 iza ion to follow pollination is most commonly caused by such 
a Slow rate of growth of the pollen tubes- that they either never reach 

fnnn longer viable. Even alien pollen has been 

ntK . 1 .-*^ parthenocarpic fniit development in some species, and 

1 I , ®*'™’^^ation ’ such as infestation with aphids sometimes 

nro * ° in the absence of pollination. Unless apomixis 

urs all fruits developing in the absence of fertilization will be devoid 

of viable seeds. ■'^vuiu 
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Even when pollination is followed by fertilization, development of the 
embryo from the fertilized egg may he arrested at an early stage as pre- 
viously mentioned and seedless fruits or fruits with imperfect seeds result 
unless apomixis occurs. 

The auxins required in the develo{)ment of parthenocarpic fruits obvi- 
ously cannot come fn^ni the seeds although some auxins may become 
a\ailable in the o^’ulary as a direct or indirect effect of pollination as pre- 
\'iously described. \ arieties on which parthenocarpic fruits commonly 
form ha\’e a higher auxin content in the ovularies than other varieties of 
the same species which produce fruits only following pollination and fer- 
tilization (Gustafson. 19o0bl. 

hen both parthenocarpic and seeded fruits occur on the same plant 
the former often fail to develop if the supjily of foods within the plant 
is limited. Apparently the [presence of develoj'iing seeds in a fruit aids in 
some way in promoting the translocation of foods into the fruit. Hence 
parthenocarpic fruits are more likely to develop to maturity if none of 
the fruits on the same plant are seeded. Wdien both seedless and seeded 
fruits arc borne on the same j)lant, the former are more likely to develop 
if the general nutritifuud status of the plant is high. 

Not only does pollination usually have a determinative effect on 
whetlier or not Iriiits will develop, but the genetic constitution of the 
pollen may have differential effects upon the growth of fruits. When, for 


example, date palms of tlu' Deglet Noor varietj^ are crossed with the 
Alosque variety as the pollen parent, the weights of the resulting seeds 
and fruits arc considerably greater than when the Deglet Noor variety is 
crossed with the Ford No. 4 variety as the pollen parent (Nixon, 1928). 
Such an effect of the source of the pollen upon the development of the 
fruit is called metaxenia. Examples of this phenomenon are known in 
apple, cotton, oak, and other species. The phenomenon of metaxenia is 
almost certainly to be interpreted in terms of a hormonal mechanism. 

Gustafson (1936) showed that application of certain hormones in lano- 
lin to the styles of young flowers of several species from which the sta- 
mens had been removed induced the development of parthenocarpic fruits. 
A number of other plants are now known in which formation of partheno- 
carpic fruits can be induced by treatment with suitable chemicals in the 
absence of pollination. Among them are pepper, watermelon, jimsonweed. 
holly, tomato, egg plant, petunia, tobacco, strawberry, and pumpkin. 
The principal compounds known to be effective in the induction of parthe- 
nocarpic fruit formation are indoleacetic, indoleproprionic, indolebutync, 
phenylacetic, ot-naphthaleneacetic, a-naphthoxyacetic, and phenoxyacetic 
acids. Most of the compounds having this effect upon plants fall into the 
category of auxins. The effective concentrations of those compounds which 
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induce parthenocarpic fruiting vary considerably depending upon the kind 
of plant treated and the specific com|)ound used, but commonly lie, foi 
aqueous solutions, in the range of 50 to 3000 p.p.m. 

Certain practical applications of the effect of specific compounds in 
inducing the formation of partlienocarpic fruits have been made. The 
usually inadcfiuate natural pollination of tomato idants in greenhouses 
during the winter, for examftle, has been supi)lemented by hormone treat- 
ment, resulting in a l)etter set of fruits, which are largely or entirely 
seedless. Treatment of the flowers on carpellate holly trees induces the 
development of berries in the absence of any neari)y staminate trees 
(Gardner and Marth, 1937). For large-scale treatment of plants, hor- 
mones can be applied as sprays, emulsions, or dusts, or can be vaporized 
into the air surrounding the plants, as in a greenhouse (Avery and John- 
son, 1947). 

A developing fruit is a complex system of ineristematic tissues. Simub 
taneously, each fertilizerl egg cell is developing into an embryo, each 
endosperm nucleus into an endosperm, each nucellus (in some plants) 
into a perisperm, and the ovulary or ovulary and adjacent parts into a 
pericarp. Physiologically the growth of fruits, particularly those of the 
fleshy type, is closely akin to vegetative growth. Formation of the com- 


ponent parts of a fruit involves the same three morphological i)hases of 
growth as the development of vegetative organs, i.e., cell division, cell 
enlargement, and cell differentiation. Growth of the embryo, however, is 
largely limited to the cell division phase of growth. Water, carbohydrates, 
nitrogenous compounds, mineral salts, and probably certain growth sub- 


stances must all be transported into the fruit from other parts of the 
plant. If the supply of any one of these substances to a growing fruit 
becomes deficient the rate of growtli is retarded. The i)roportions of 
these various kinds of substances which are required vary with the kind 
of fruit, being different, for example, in a fleshy, succulent fruit from 
those in a hard, dry fruit. Within any given fruit the proportions of these 
various substances moving toward each of the several meristemati(^ re- 


gions also differ considerably. During active growth of the fruits on a 
plant there is often a curtailment in the growth of other organs and also 
a dram on accumulated foods within the plant (Chap. XXXIII). 

Furthennore, the different growing regions which arc integral parts of 
le complex system of tissues called a fruit, exert reciprocal corrclativ'e 
m lienees on the growth of one another. 8e\eral such effects, such as the 
necessity of an endosperm for the early development of the embryo, and 
le necessity of developing seeds for fruit growth in most species, have 
)een referred to previously. The development of the lint hairs appendent 
0 a cotton seed afford another example of such a growth correlation. 
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Theyo hairs go through two distinctly separate stages of development: 
(I) a period during which the hairs grow in length without appreciable 
>\all thickening, and (2) a period during which wall thickening occurs 
without increase in length of the hairs. The fii'st |)eriod coincides with the 
glow til of the endosperm in the seed. As soon as endosperm growth ceases, 
elongation of the lint hairs also stops. Secondary thickening of the walls 
of the hairs coincides with the active grow'th of the young embr>’o. 

An emanation of ethylene gas has been found to occur during ripening 
from a number of kinds of fruits, including apple (Gane, 1934), pear 
(Hansen, 1942), banana (Niederl et a/., 1938), and avocado (Pratt et al., 
1948). Lthylcnc synthesis is not confined to fruits but also occurs in at 
least some other organs of plants (Denny and Miller, 1935). Ethylene 
is known to have a number of marked physiological effects on plants 
(('rocker e( oL, 1935), even in verv low' concentrations. One of these is 

its effect in inducing epinasty of 
leaves (Chap. XXX). Also w'ell- 
known is the effect of ethylene in 
hastening the coloring and ripen- 
ing of some kinds of fruits, a 
process w'hich involves chloro- 
phyll decomposition. Treatment of 
green-picked citrus fruits and ba- 
nanas with ethylene gas has been 
a widely-used commercial prac- 
tice. X'aturally-synthesized ethyl- 
ene appears to promote the ripen- 
ing process in a number of kinds 
of fruits. 

The course of respiration in 
many kinds of developing fruits follows a characteristic cycle. The rate 
per unit fresh weight of very young fruits is relatively high and gradually 
declines to a minimum at about the time the fruits reach maturity. In 
aj)p]es and at least some other kinds of fruits there is a secondary rise 
in rate of respiration often beginning about the time the fruits are usually 
j)icked, followed by a secondary decline. The peak of this secondary rise 
is called the “climacteric” (Kidd and West, 1945) and occurs, in apples 
at least, whether the fruits are picked or whether they remain on the tree. 
The climacteric cycle in picked, mature avocado fruits is illustrated m 

Fig. 157. 

Embryo Culture. — White, 1932; Tukey, 1934; La Rue, 1936, and others 
have shown that partially developed plant embryos can be cultured on 
sterile media according to techniques very similar to those employed m 



Fio. J57. Respiration rates of avocado 
fruits at 15°C. for a period of 2 weeks 
after picking, illustrating occurrence of 
climacteric. Data of Biale (1946). 
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the culture of other parts of plants. Mature or nearly mature embryos 
usually grow when the medium contains only inorganic salts and a sugar; 
such embryos soon develop into seedlings with routs and epicotyl. 

Although mature embr>ms appear to be autotrophic with respect to 
hormones this does not seem to be true (jf immature embryos. Young 
embryos (about one-fourth mature size) of Datura (jimsonweed) , for 
example, do not develop on a 
medium containing dextrose, min- 
eral salts, and several physiolugi- 
call}’’ active organic compounds, 
but do develop rapidly to many 
times their initial volumg (Fig- 
158) if a small amount of coconut 
tnilk be added to the medium 
(Van Overbeek et al., 1942). Fur- 
ther investigation indicated the 
presence in coconut milk of at 
least three substances or com- 
plexes, one of which appears to 
be auxin, which affect the growth 
of embryos. The one promoting 
growth of the einbrvo has been 

V 

tentatively called the embryo fac~ 
tor. This factor exerts its growth- 
promoting effect i)rincipally on 
cell division and may be present, 
not only in embryos but in meri- 
stems generally. The capacity of 
the embryo to synthesize this fac- 
tor or complex probably increases 
'^ith age; apparently only in very 
early stages of development is it 
required from an outside source. 

Embryo factor activity has also 
been shown to be present in 


Fig. 158. Effort of coconut milk on 
development of Datura embryos isolated 
10 days after pollination. Top row, em- 
})ryo.« after 8 days on medium contain- 
ing sugar, mineral salts, and vitamins. 
Note that almost no growth has oc- 
curred. Bottom three rows, embrvos 
after 8 days on same kind of medium 
plus coconut milk. From Van Overbeek 

et al. (1942) 


CX- 

tracts from malt (Blakeslee and 

^atma, 1944), Datura ovules, yeast, wheat germ and almond meal (Van 

lenltHr^u embryos (less than 0.3 mm. in 

1 ’ r)wever, hav-e been found not to develop in sterile eulture, even 

cerf r- (Haagen-Smit et al., 1945). Mixtures of 
n amino acids have also been found to enhance the growth of vouno' 
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Datura embryos (Sanders and Burkholder, 1948), and at least a part of 

the promotive effect of plant extracts on embiym growth probably can be 
ascri]>ed to amino acids. 

A practical ajiplication of ern.rjm culture is that it provides a method 
of preserving genetically desirable embr>ms when the seeds formed are, 
for one reason or another, nongerminable. Hybrid embryos in some spe- 
cies, for example, become arrested in development before they are mature 
and the seeds fail to prminate. It is often possible to dissect out the 
embrj os from such seeds, grow them for a while in culture, and eventually 
transplant them into soil. Embryos can also be excised from some kinds 
of dormant seeds and successfully grown in culture. Iris seed, for ex- 
ample, shows a pronounced dormancy (Chap. XXXIV), but seedlings 
can be obtained in a short time if the embryos are removed from the 
seed and cultured artificially (Randolph and Cox, 1943). 

Development of Fruits in Sterile Culture.— La Rue (1942) and Xitsch 
(19ol) have shown that fruits will develop from detached flowers cul- 
tured sterilely in vitro under suitable conditions. The latter investigator 
found, for example, that if tomato flowers in which pollination had re- 
cently occurred were cultured in this manner, fruits developed from the 
ovularics when the flowers were implanted on a medium containing only 
sucrose and mineral salts as solutes. Fruits developed from excised, un- 
pollinated flowers of tomato, on the other hand, only if the culture medium 
also contained certain hormones such as 2,4-dichlorophenoxyacetic acid. 
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ENVIRONMENTAL FACTORS INFLUENCING 
REPRODUCTIVE GROWTH 

Initiation of the internal physiological conditions which lead to the 
conversion of vegetative to reproductive meristeins is brought about, as 
are all other growth phenomena, by interactions between the genetic 
constitution of a plant and the factors which impinge upon it from its 
environment. In this chapter the effects of those environmental factors 
which exert major effects upon reproductive growth will be discussed. 

Irradiance. — That the flowering and fruiting of many kinds of plants 
are less abundant in the shade tlian in full light is a common observa- 
tion. The relation between irradiance and flowering for any given si)ecies 
is not a simple one, because it is complicated by the influence of the 
I)hotoperiod (see later). The effect of an irradiance which is adequate for 
flower incluction can be completely nullified, in some species, if the photo- 
period is too long; in other species, if it is too short. In general, however, 
assuming day length, temperature, and other conditions to l)e favorable 
for flowering, there is a minimum irradiance for each species below which 
no blooming occurs. The minimum varies considerably from one species 
to another, usually being lower, for example, in woodland shade species 
than in sun species. At irradiances only slightly greater than the mini- 
mum, flowering usually occurs only sparsely; at still higher irradiances 
this factor ceases to be the limiting one in tlie initiation of flower 

})rimordia. 

Light Quality • — The effects of variations in the quality of light upon 
reproductive growth are principally of theoretical interest, since naturally 
occurring variations in the wave-length composition of light are seldom, 
if ever, great enough to have any very significant effects upon the 
flowering and fruiting of plants. Although all wave lengths of the visible 
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Spectrum appear to influence blooming, results of several investigators 
indicate that the orange-short red jiortion of the spectrum has the most 
pronounced effect upon initiation of flowers. The influence of light quality 
upon this i)rocess can be profitably considered only in relation to the 
effects of light duration and is discussed later in the chapter. 

Duration of the Light Period. — Classification of Plants Accordmg to 
Photoperiodic Reaction . — The fundamental discovery of Garner and 
Allard (1920, 1923) that the length of the daily photoperiod has a marked 
effect on the reproductive development of plants (('haj>. XXX) has been 
confirmed by many subsequent workers. The exfierimental procedure fol- 
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Fk;. 159. Effect of the length of the photoperiod upon flowering of salvia, a 

short-day species. Photograph from Arthur et at. (1930). 

simf)le one. '\Short-day*’ conditions were provided, during the summer 
months, by transferring the plants to a dark house or cabinet after ex- 
posure to the desired number of hours of daylight, while exposure to the 
usual summer day length provided “long-day” conditions. Long photo- 
periods were obtained during the wdnter months by supplementing the 
natural day length with the necessary number of hours of artificial illu- 
mination, relatively low intensities of supplemental light having been 
found adequate to induce photoperiodic reactions in plants. 

The following classification of plants according to the effect of the 
length of the natural photoperiod upon their reproductive development 
is essentially that of Allard and Garner (1940). 

(1) “Short-day” plants flower only within a range of relatively short 
photoperiods. Blooming may occur, although more slowly, or less pro- 
fusely, within a range of ph<»toperiods somewhat longer than the most 
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I'lo. 161. Effect of length of the photoperiod upon flowering of buckwheat, an 

indeterminate species. Photograph from Arthur et aJ. (1930). 
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fa\oraf)le ones. I ncler still longer i)hotoj)erio<is or under continuous illu- 
mination, short-day plants do not bloom and remain in the vegetative 
state indefinitely (Fig. 159). Examples of sliort-day plants arc cosmos, 
strawberry, aster, ragweed, cocklebur, poinsettia, chrysanthemum, sweet 
potato, violet, and most early spring or late summer blooming garden or 
wild flowers of the temperate zone. Differentiation of the flower buds of 
many early spring-blooming |)lants occurs during the shortening days 
of the latter part of the preceding season. 

(2) Long-day ^ plants flower readily only under a range of relatively 
long photoperiods, up to and including continuous illumination. Bloom- 
ing is usually induced most rapidly under continuous illumination or very 
long photoperiods, but may occur, although more slowly or less profusely 
under shorter photoperiods. Under still sliorter i)hotoperiods tho plants 
remain in the vegetative state indefinitely (Fig. 160). Examples of long- 
day plants are spinach, beet, radish, lettuce,- English plantain, most 
grains, timothy, clover, hibiscus, potato, and most late spring or early 
summer blooming garden or wild flowers of the temperate zone. 

(3) “Indeterminate” i)lants flower readily over a wide range of day 
lengths from relatively short i)hotoperiods to continuous illumination 
(Fig. 161). P>xamplcs of indeterminate plants are zinnia, dandelion, 
chickweed, tomato, cotton, buckwheat, and most varieties of tobacco. 

(4) “Intermediate” plants bloom only under day lengths within a cer- 
tain range, and fail to flower under either longer or shorter photoperiods. 
Exam{)lcs of intermediate plants arc climbing hempweed (Mikania 
scandens) j wild kidney bean (Phaseolxis 'iwhjstachxjus) y boneset (Eupa- 
torium torreyanum) (Allard, 1938), Indian grass {Sorghastrum nutans) 
(Allard and Evans, 1941), some varieties of side-oats grama grass 
{Bouteloua curtipendula) (Olmsted, 1945), and some varieties of broom 
grass (Andropogon jurcatus) (Larsen, 1947). 

For many short-day plants the range of photoperiods under which 
initiation of flowers occurs is sharply delimited, and a definite critical 
photoperiod can be recognized. Such plants flower only in a range of 
photoperiods shorter than the critical. The critical photoperiod for cockle- 
bur, for example, is about 15.5 hr.; and for Biloxi soybean, about 13.5 hr. 

A critical photoperiod can likewuse be distinguished for many long-day 
plants, such plants flowering only in a range of photoperiods longer than 
the critical. At an irradiance of 1000-1400 foot-candles the critical photo- 
period for dill, for example, is between 11 and 14 hr.; and for annual beet, 
between about 13 and 14 hr. (Naylor, 1941). Indeterminate plants, like 
long-day plants, flower only in a range of day lengths longer than a 
critical, but their critical photoperiods are, in general, shorter than those 
for long-day plants. Intermediate species have two critical photoperiods, 
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hloominK neither under day lengths wliich are longer than the upper, nor 
at day lengths which are shorter than the lower critical jihotoperiod. 

From the al)ove discussion it should he clear that there are certain 
day lengths which may induce flowering both in many short-day and 
in many long-day sp('ci(*s. At a day length of 1.'^ hr., for example, both 
short-day plants with a ciitical photoi)eriod greater than this, and long- 
day plants with a critical photoperiod less than this, will bloom. 

Different varieties of the same species may differ in ])hotoperiodic re- 
actions. Of thirteen varieties of soybeans investigated by Borthwick and 
Barker (1939), eight behaved essentially as indeterminate plants, and 
five essentially as short-day plants. Because of such varietal differences 
in photoi)eriodic reaction, the examples of short-day, long-day, inde- 
terminate, and intermediate jilants as given above may not hold strictly 
for every single variety of ever>' sf)ecies mentioned. 

The fact that reproductive growth is a complex of integrated processes 


was emphasized in the preceding chapter. Different stages in reproduc- 
tive growth may be affected differently by the length of the photoperiod. 
For example, in the Biloxi soybean initiation of flower primordia occurs 
over a range of photoperiods from about 2 to about 13.5 hr. Subsequent 
development of the flower buds into macroscopic flowers, once primordia 
are present, occurs most rapidly under 8- to 13-hr. photoperiods, more 
slowly under 14- and 15-hr. photoperiods, and not at all under 16-hr. 
photoperiods. No development of fruits takes place when photoperiods 
arc longer than 13 hr. (Parker and Borthwick, 1939a). 


The season of the year at which a plant blooms is largely controlled, 
at least in temperate regions, by its type of reaction to day-length con- 
ditions. The natural blooming period of long-day plants is in the late 
spring ancl early summer. Short-day species which can grow at relatively 
low temperatures bloom in the early spring, the flower buds in many such 
species being formed during the preceding growing season. The majority 
of the members of this group do not develop flowers until the advent of 
the shortening days of late summer or eaijy autumn. This latter type 
of behavior is invariably found in short-day annual species and is char- 
acteristic of many short-day perennial species as well. Indeterminate 
species, on the other hand, may flow'er at almost any season during which 
other environmental conditions are favorable. 

The geographic distribution of plants is also governed in part by their 
p otoperiodic reactions. Species requiring photoperiods appreciably longer 

lan 12 hr. obviously cannot accomplish sexual reproduction in tropical 
regions. Pronounced short-day species are for the most part excluded from 
the high latitudes (60^ and farther north or south) unless they can be 
propagated vegetatively, because the growing season in such regions is 
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restricted largely to the period during which very long photoperiods pre- 
vail. In temperate zones, long-day, short-day, indeterminate, and inter- 
mediate species all flourish, but bloom at different seasons as already 
described. Indeterminate species can bloom over such a wide range of 

day lengths that their geographic distribution is controlled by factors 
other than the length of the photoperiod. 

A complication to be considered in any analysis of photoperiodisni is 
that the length of the daylight period is constantly changing over large 
portions of the earth’s surface. In the north tem|)erate zone, for example, 
the photoperiod lengthens from day to day between December 21 and 
June 21, and shortens from day to day between June 21 and December 
21. Many herbaceous plants in such regions start life under relatively 
short photoperiods, pass through a period of lengthening photojieriods, 
and then in turn through a period of shortening photoperiods. Many 
perennials, especially of the herbaceous type, pass through similar sea- 
sonal changes in length ol photofieriorl during their annual growth cych*. 
This situation has important implications both for the development of 
plants in nature and for the development of crop [ilants. If, for example, 
a series of plantings be marie of a distinctly short-day j)Iant, such as 
the Biloxi soybean, during the spring and early summer, none of the 
plants will flower until the day length has decreased to the critical photo- 
period in late summer. In other words, the crops sown late in the season 
will bloom at about the same time as those sown early in the season. 
The late-sown plants, however, will ha^'o had very little time in which to 
develop vegetatively ; hence they will hear fewer flowers and yield a 
smaller crop of fruits than the early-sown plants. 

Photoperiodic Induction . — If a short-rlay plant which has been grow- 
ing under long days is transferred temporarily to short flays and then 
returned to a long-day environment, flowering will often be initiated, 
even though the plant remains exposer! to long photoperiods thereafter. 
This phenomenon is referred to as photoperiodic induction. The number 
of photoperiodic cycles required to induce flowering differs from one spe- 
cies to another. In the cocklebur, exposure to one short day followed by 
one long night is sufficient to induce the formation of flowers on plants 
w'hich are kept both before and after such a treatment under long-day 
conditions (see later). Similarly, initiation of flower primordia occurs in 
Biloxi soybean upon exposure of the plants to a minimum of two con- 
secutive short-day cycles (Hamner, 1940), 

The phenomenon of photoperiodic induction is also exhibited by long- 
day plants. From one to four long-day cycles, depending upon irradiance 
and length of the photoperiod, are sufficient to induce flower formation in 
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dilP (Naylor, 1941). Annual beet, on the other hand, ref|uires a mini- 
mum of In to 20 long-day cycles (Hamncr, 1940), and English plantain 
(Plantngo lanceolata) j a minimum of 15-25 long days (Snyder, 1948), for 
the induction of flowers. 

Both of these latter two plants exhibit the phenomenon of ‘’partial 
induction,” which is distinctive to some species. English jdantain, for 
example, can he exposed to 10 long days, then to as many as 20 short 
days, then to 15 long days, and finally returned to shoid days unfler which 
flowering will take place. Ap|)arently the “partial induction” which occurs 
during the first series of long-day cycles carries over a f)eriod of short- 
day cycles and operates essentially as if it were a part of the second series 
of long-day cycles. 

Any i)hotoperiodic cycle which induces initiation of flowers on plants 
is calle<l a photoin<h(ct{ve cycle; one which does not is called a non- 
photoindiictive cycle. An 8-hr. photoperiod alternating with a 16-hr. dark 
period is one possible photoinductive cycle for short-day cocklebur plants; 
a 16-hr. photoi)eriod alternating with an 8-hr. dark period is one possible 
non-])hotoinductive cycle for this plant. 

In general, the number of flower priinordia initiated, the subsequent 
development of the flowers, time of blooming, and development of fruits 
will be influenced by the number of induction photoperiods, as well as 
by their exact length. For example, although one photoinductive cycle 
is sufficient to induce flowering in cocklebur, the flowers require about 
64 days to mature, whereas continuous exposure to photoinductive cycles 
results in an increase in the number of flowers initiated and in the mat- 
uration of flowers within about 13 days (Naylor, 1941). 

Locus of the Photoperiodic Reaction and Transfuission of the Effect. 

Knott (1934) showed that induction of flowering in spinach (a long- 
day plant) occurred only when the leaves were exposed to long photo- 
periods. Exposure of the meristem to long photojicriods while the leaves 
were under short photoperiods resulted in maintenance of the vegetative 
condition. Similar results have been obtained with a number of other 
plants. Among these are long-day dill (Hamner and Naylor, 1939), and 
short-day chrysanthemum (Cajlachjan, 1936), Biloxi soybean (Borth- 
wick and Parker, 1938a), and cocklebur (Hamner and Bonner, 1938). 
In both the cocklebur and Biloxi soybean the young, just fully expanded 
leaves have been shown to be most effective in inducing flower forma- 
tion, and this is probably true of plants in general. 

'Dill is commonly considered a long-day plant but, if given sufficient time (three 
months) will flower under photoperiods as short as 7 hr. (Murneek, 1940). Its exact 
status, therefore, appears to be that of an indeterminate plant. 
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restricted largely to the period during which very long photoperiods pre- 
vail. In temperate zones, long-day, short-day, indeterminate, and inter- 
mediate species all flourish, but bloom at different seasons as already 
described. Indeterminate species can bloom over such a wide range of 

day lengths that their geographic distribution is controlled by factors 
other than the length of the photoperiod. 

A complication to be considered in any analysis of photoperiodism is 
that the length of the daylight period is constantly changing over large 
portions of the earth’s surface. In the north temjierate zone, for example, 
the photoperiod lengthens from day to day between December 21 and 
June 21, and shortens from day to day between June 21 and December 
21. Many herbaceous plants in such regions start life under relatively 
short photoperiods, jiass through a period of lengthening photof)eriod.s, 
and then in turn through a |)eriod of shortening photoperiods. Many 
perennials, especially of tlu* herbaceous type, pass through similar sea- 
sonal changes in length ol photoperiod during their annual growth cycle. 
This situation has important imjilicatif^ns both for the develot)ment of 
plants in nature and for the development of crop j)lants. If, for example, 
a series of plantings be made of a distinctly short-day plant, such as 
the Biloxi soybean, during the spring and early summer, none of the 
plants will flower until the day length has decreased to the critical photo- 
period in late summer. In other words, the crops sown late in the season 
will bloom at about the same time as those sown early in the season. 
The late-sown plants, however, will have had ^'ery little time in which to 
develop vegetatively ; hence they will hear fewer flowers and yield a 
smaller crop of fruits than the early-sown plants. 

Photoperiodic induefiov. — If a short-day plant which has been grow- 
ing under long days is transferred temporarily to short rlays and then 
returned to a long-day environment, flowering will often be initiated, 
even though the plant remains exposed to long photoperiods thereafter. 
This phenomenon is referred to as photoperiodic indncAion. The number 
of photoperiodic cycles required to induce flowering differs from one spe- 
cies to another. In the cocklehur, exposure to one short day followed by 
one long night is sufficient to induce the formation of flowers on plants 
which are kept both before and after such a treatment under long-day 
conditions (see later). Similarly, initiation of flower primordia occurs in 
Biloxi soybean upon exposure of the plants to a minimum of two con- 
secutive short-day cycles (Hamner, 1940). 

The phenomenon of photoperiodic induction is also exhibited by long- 
day plants. From one to four long-day cycles, depending upon irradiance 
and length of the photoperiod, are sufficient to induce flower formation in 
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dill* (Naylor, 1941). Annual beet, on the other hand, requires a mini- 
mum of 15 to 20 long-clay cycles (Hamner, 1940), and English plantain 
{Plantago lanceolata) y a minimum of 15-25 long days (Snyder, 1948), for 
the induction of flowers. 

Both of these latter two plants exhibit the phenomenon of ‘‘partial 
induction,” which is distinctive to some species. English plantain, for 
example, can be exposed to 10 long days, then to as many as 20 short 
days, then to 15 long days, and finally returned to short days under which 
flowering will take place. Ai)i)arently the “partial induction” which occurs 
(luring the first series of long-day cycles carries over a period of short- 
day cycles and operates essentially as if it were a part of the second series 
of long-day cycles. 

Any i)hotoi)eriodic cycle which induces initiation of flowers on plants 
is called a ])hotoin<luctive cycle; one which does not is called a non- 
j)hotoifi(lnctive cycle. An 8-hr. photoperiod alternating with a 16-hr. dark 
period is one [lossilile photoinductivc cycle for short-day cocklebur plants; 
a 16-hr. photoperiod alternating with an 8-hr. dark period is one possible 
non-j)hotoinductive cycle for this plant. 

In general, the number of flower jirimordia initiated, the subsequent 
development of the flowers, time of blooming, and development of fruits 
will be influenced by the number of induction photoperiods, as well as 
by their exact length. For example, although one photoinductivc cycle 
is sufficient to induce flowering in cocklebur, the flowers require about 
64 days to mature, whereas continuous exposure to photoinductive cycles 
results in an increase in the number of flowers initiated and in the mat- 
uration of flowers within about 13 days (Naylor, 1941). 

Locus of the Photoperiodic Reaction and Transmission of the Effect. 

Knott (1934) showed that induction of flowering in spinach (a long- 
day plant) occurred only when the leaves were exposed to long photo- 
periods. Exposure of the meristem to long photoi)criods while the leaves 
were under short photoperiods resulted in maintenance of the vegetative 
condition. Similar results have been obtained with a number of other 
plants. Among these are long-day dill (Hamner and Naylor, 1939), and 
short-day chrysanthemum (Cajlachjan, 1936), Biloxi soybean (Borth- 
wick and Parker, 1938a), and cocklebur (Hamner and Bonner, 1938). 
In both the cocklebur and Biloxi soybean the young, just fully expanded 
leaves have been shown to be most effective in inducing flower forma- 
tion, and this is probably true of plants in general. 

'Dill is ccjmmonly considered a long-day plant but, if given sufficient time (three 
months) will flower under photoperiods as short as 7 hr. (Murneek, 1940). Its exact 
status, therefore, appears to be that of an indeterminate plant. 
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That the leaves are the locus of the photoperiodic reaction has also 
been shown by grafting experiments. When the short-day Biloxi variety 
of soybean is kept under a 17-hr. photoperiod no flowers arc initiated. If, 
however, leaves of the Agate variety, which flowers over a wide range 
of day lengths, are grafted on Biloxi plants exposed to a 17-hr. photo- 
period, the latter will soon initiate flowers (Heinze et al, 1942), Similar 
results have been obtained in analogous grafting experiments with other 
species. 

Since the photoperiodic reactions occur in the leaves, the influence of 
such reactions must in some manner be transmitted to meristems if their 
transformation from a vegetative to a reproductive state is to be accom- 
plished. The distance over which transmission of the effect occurs varies 
with the kind of plant and other conditions. 

In experiments with short-day cosmos, Garner and Allard (1923, 1925) 
showed that flowering occurred only on the portion of the stem, be it 
top, middle, or bottom, that was exposed to short days if the remainder 
of the plant was exposed to long days. With a two-branched cosmos plant, 
one branch of which was exposed to short, the other to long, days, only 
the branch exposed to short days flowered. In this plant the influence of 
the photoperiodic reaction appears to be highly localized. 

In the cocklebur, on the other hand, exposure of one leaf to short days, 
while the rest of the plant is exposed to long days, causes initiation of 
flowers at meristems throughout the plant. The effect in cocklebur is 
thus systemic and is transmitted both in the upward and downward direc- 
tions through the plant. Furthermore, unlike cosmos, both branches of a 
two-stemmed cocklebur flower if only one of them is exposed to a short 
day (Hamner and Bonner, 1938). The “floral stimulus” in cocklebur is 
transmitted through the bark, most likely in the phloem (Withrow and 
Withrow, 1943), and this is doubtless also true in other species. Further- 
more, if one leaf of a cocklebur is exposed to a photoinductive cycle and 
this leaf be removed within 24 hr. after cessation of the cycle, no induc- 
tion of flowers occurs. This indicates that the rate of transmission of the 
floral-inducing effect is relatively slow. In the Biloxi soybean, the effect 
of the expo.sure of one leaf to photoinductive cycles is also transmitted m 
both the upward and downward directions through the plant, but incep- 
tion of flowering takes place only in buds relatively close to the exposed 
leaves. 

The facts just discussed have led to the postulation that some sub- 
stance or complex of substances is synthesized in leaves under photo- 
inductive cycles, whence it is translocated to apical meristems, inducing 
their conversion from the vegetative to the reproductive condition. The 
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name “florigen” has l)oen i)roposed for this postulated flower-inducing 
homione by ('ajiachjan (1936). 

Role of the Light and Dark Periods in Photoperiodism . — In nature the 
photoperiod’c cycle is 24 hr. in length, a long photoperiod being auto- 



LIGHT INTENSITY DURING PHOTOPERlOO 
IN FOOT-CANDLES 


IiG. ir>2. Relation bet ween irradiance and initiation of flower primordia in Biloxi 

soybean. Data of Hamner (1942). 


matically accompanied by a short dark period and vice versa. Experi- 
menters, however, are not restricted by the inflexibilities of solar time 
tables. One important technique of evaluating the relative roles of the 
light and dark periods has been the use of photoperiodic cycles other 
than those which occur under na- 
tural conditions. In the labora- 
tory, for example, a 10-hr. photo- 
period need not be accompanied, 
as in nature, by a 14-hr. dark 
period, but may be made to alter- 
nate with an 8, 10, 12, 16, 20-hr. 
or any length of dark period. 

An induction technique was em- 
ployed by Hamner (1940) in an 
investigation of the roles of the 
light and dark periods in the initi- 
ation of flowering in short-day 
Biloxi soybean. Plants were first 
allowed to develop to a suitable 

size under long days, then subjected to seven consecutive experimental 
cycles, the pattern of which differed from one experiment to another, and 
finally returned to long days. The quantitative effect of each treatment 



Fig. 163. Relation between length of 
the dark period and initiation of flower 
primordia in Biloxi soybean. Data of 

Hamner (1942). 
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was measured as the number of nodes per ten plants at which flower 
primordia were initiated. 

In one experiment the effect of variations in irradiance during the 
photoperiods of the seven experimental cycles upon the initiation of 
flowers was investigated (Fig. 162). With photoperiods of either a 5-hr. 
or 10-hr. duration in a 24-hr. cycle, no initiation of floral primordia oc- 
curred at illumination values of less than about 100 foot-candles; and, 
under 10-hr. photoperiods, approximately maximum effectiveness was 
attained at about 800 foot-candles. The irradiance during the phdto- 
periods is therefore not without influence in inducing photoperiodic xe- 
actions, but in general a maximum effect is obtained in this species at 
irradiances which are relatively low compared with full sunlight. 

In other experiments the length of the dark period was varied from 



Fig. 164. Relation between length of j^hotoperiod and initiation of flower pri- 
mordia in Biloxi soybean (dark period 10 hr.). Data of Hamner (1942). 

4 to 20 hr., while the length of the photoperiod (irradiance about 1200 
foot-candles) was kept constant, in one experiment at 16 hr,, in another 
at 4 hr., during the seven experimental cycles. The results showed (Fig. 
163) that a certain minimum length of dark period (about 10.5 hr.) is 
necessary if induction of any floral primordia is to occur and that the 
length of the minimum dark period required is the same within a wide 
range of photoperiods. Furthermore, under 16-hr. photoperiods, the longer 
the dark period, up to 16 hr., the greater its effectiveness. 

In still other experiments the length of the dark period was kept con- 
stant at 16 hr., while the length of the photoperiod (irradiance about 1200 
foot-candles) was varied from 4 to 36 hr. during the seven experimental 
cycles. Maximum initiation of floral primordia occurred under a photo- 
period about 11 hr. long, hut any photoperiod between about 1 hr. (esti- 
mated) and about 19 hr. in length was effective in inducing the formation 
of some primordia (Fig. 164). No primordia were initiated, however, in 
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pliotopcriods whicli were 20 hr. or more in duration. Although the nuynber 
tif flower priinonlia initiated i.s tlius infliieneefl markedly by the len^h 
of the i)hotoperi<Ml, the length of the dark period, as previously indicated, 
determines whether the plant will bloom or not. 

Similar photoperiodic requirements for flowering have been demon- 
strated in other kinds of short-day jilants, but the efTeetivc lengths of 
the photoperiods and the dark periods differ from one species to another. 
In the cocklebur the pliotoiieriod of the single necessary ])hotoinductive 
cycle need be only 0.5 lir. at 2000-3000 foot-candles and a temperature 
of 30®C. At lower irradiances, with increasing length of the photoperiod 
up to a certain point, the efTect on initiation of flower primordia and 
their rate of develoinnent increases (Mann, 1940). The minimum effective 
dark period for this species is about 8.5 hr. (Hamner, 1940). 

In general, if flowering is to occur, short-day plants require cyclical 
alternations of continuous dark periods of a minimum duration with 
photoperiods of adequate irradiance within a certain range of lengths. 
Minimum effective photoperiods may be very short — less than an hour 
in some species- — but photoperiods may also be too long to induce bloom- 
ing. ^linimum effective dark periods, on the contrary, are never verj’’ 
>hort. Short-day plants do not bloom under alternating cycles of rela- 
tively short dark periods and photoi)eriods, as do long-daj' and indeter- 
minate plants (see later). 


The so-called “intermediate” plants appear to be fundamentally sim- 
ilar to short-day plants in that both dark and light periods are necessary 
if they are to flower. “Intermediates” appear to difTer from short-day 
plants only in that the minimum length of photoperiod required for 
flowering is considerably longer in the former than in the latter. 

The cyclical requirements of long-day plants are quite different from 

those of short-day plants. Dill blooms in about 40 days after sowing 

under continuous illumination of 1000-1400 foot-candles (Naylor, 1941). 

This plant flowers sooner under continuous illumination than under any 

of a number of kinds of cycles of alternating dark and light periods 

(Allard and Garner, 1941). Similarly, annual beet, another long-day plant, 

flowers in 4-7 weeks after sowing under continuous illumination of 1000- 

1400 foot-candles, but does not flower at all at 500 foot-candles. (Naylor, 

1941). In general, long-day species flower under continuous illumination, 

provided other environmental conditions, especially irradiance and tem- 
perature, are suitable. 

In general, long-day plants, unlike short-day plants, do not require an 
a temating cycle of light and dark periods, but flower without exposure 
to any dark intervals whatsoever. The only requirement of such plants, 
if flowering is to occur, is that they be exposed to a photoperiod of 



678 


FACTORS INFLUENCING REPRODUCTIVE GROWTH 


Tninimiim irradiancc which must not be less than a certain minimum 
duration out of each 24-hr. day. The exact length of this minimum (crit- 
ical) pliotoperiod differs from one long-day species to another, and for a 

given species varies somewhat depending upon irradiance and tempera- 
ture. 

Failure of long-day species to bloom under short photoperiods results 

from the dark periods being too long, rather than from the photopcriocis 

being too short. This is shown by the fact that such species bloom under 

short photoperiods if they alternate with dark jieriods which are 'also 

short. Dill, for example, flowers on alternating cycles of 0.5-hr. light: 

0.5-hr. dark, and also on 1:1, 2:2, 12:12, 24:24, and 30:30-hr. cycles 
(Allard and Garner, 1941). 

Like long-day j)lantR, all indeterminate species which have been tested 
flower under continuous illumination. Zinnia angustijolia, for example,' 
blooms under continuous illumination, under a cycle of 12-hr. light, 12- 
hr. dark, but not under a cycle of 6-hr. light, 18-hr. dark (Allard and 
Gamer, 1941). Indeterminate plants, like long-day plants, require only 
that they be exposed to a i)hotoperiod of minimum irradiance and of not 
less than a certain duration out of each 24-hr. day if flowering is to be 
induced. The distinction between long-day and indeterminate plants tlius 
appears to be an arbitrary one, the only important difference between 
the two types being that indeterminate plants have a lower critical photo- 
period than long-day plants. As in long-day plants the light period need 
not be continuous for indeterminate species to bloom. Zinnia angustijoliaj 
for example, flowers under alternating cycles similar to those under which 
dill flowers (Allard and Garner, 1941). 

Mechanism of Photoperiodism. — There can be little doubt that flower- 
inducing substances of a hormonal nature exist in plants, that the rates 
of synthesis and destruction of such compounds are markedly influenced 
by the photoperiodic cycle and temperature (see later), and that the 
environmental conditions under which synthesis of such substances occurs 
differ from one kind of plant to another. However, present evidence for 
the existence of such substances is purely inferential, since all attempts 
to extract from plants and identify such compounds have failed to date. 

Although earlier w'orkers recognized four types of plants on the basis 
of their photoperiodic reactions, later work has indicated that the only 
fundamentally distinct categories are those of long-day plants and short- 
day plants. In spite of the often diametrically opposite reactions of plants 
of these tw^o types to a given photoperiodic cycle, there are many indica- 
tions that the photoperiodic mechanism of both long-day and short-day 
plants is basically similar. 

One such line of evidence is that grafting of a long-day or indetermi- 
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natc plant to a short-day plant induces the latter to flower if the “donor” 
part of the graft is kept under photoinduetive cycles (Moshkov, 1937; 
Heinze et aL, 1942 and others). Such ex|)eriments show that compounds 
syntliesized in one kind of plant are efTectivc in inducing flower forma- 
tion in other kinds. 

Anotlu'r line of (‘vidiaice which indicati's that the photoperiodic mech- 
anism in all i)lants is basically similar is that within a single species there 
often exist varieties which dilYer in the pattern of their photoperiodic 
reaction. This is true of soybeans, as already discussed. Another example 
is side-oats grama gras.s {Bontelona curfipeyjdula) , some strains of which 
consist almo.st entirely of short-day or intermediate plants, while others 
consist of a mixture of long-day and intermediate plants ((')lmsted, 1945). 

A similarity in photoi)eriodic mechanism is also suggested by the fact 
that both flowering of short-day plants under short natural photoperiods, 
and inhibition of flowering of long-day plants under the same conditions 
occur because the dark periods in such 24-hr. cycles arc long — not because 
the photoperiods arc short. This is shown by the results of experiments in 


which the dark period of such cycles is interrupted at approximately its 
midpoint by exposure of the plants to a short period of illumination, which 
need not be of a very higli irradiance. The photoperiodic reaction of both 
types of plants is reversed by such a treatment. In other words, flowering 
of short-day plants (cocklcbur, Biloxi soybean) is inhibited (Ilamner 
and Bonner, 1938), while flowering of long-day i')lants (Wintex barley, 
Ili/ocyamus mger) is promoted (Borthwick et aL, 1948a; Parker et aL, 
1950) . The effect of internipting the dark period is the same as is obtained 
with each type of plant by extending the length of the photoperiod with 
^\eak supplemental illumination as described earlier. 

Furthermore, the same spectral regions which most effectively inhibit 
' dowering of short-day plants (Parker et aL, 1946) are also the ones w'hich 
, most effectively promote flow'ering of long-day plants (Borthwick et al., 
1948b) when used to interrupt the dark period. Although all w'ave lengths 
^ of visible light arc active in inducing such reactions, there is a region of 
^ maximum effectiveness in the orange-short red and a region of minimum 
effectiveness in the blue-green. This “action spectrum” closely resembles 
that for the elongation of pea leaves (Chap. XXX), suggesting the like- 
1 lood of a similarity in the basic mechanism of the tw'o processes. 

Although more attention has been devoted to investigations of the role 
of the dark period in photoperiodism, the role of the photoperiod is at 
east equally significant. In typical long-day and indeterminate plants, 
a dark period is not even necessary for induction of flowering. Further- 
more there is some experimental evidence of a close relation betw^een 
p lotopcriodism and photosynthesis (or at least CO 2 consumption). No 
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flower priinordia developed on Biloxi soybeans when no CO 2 was supplied 
during the 8-hr. photoperiods, and plants that received C ()2 at atmos- 
pheric concentration during 2, 4, 6, and 8 hr. of each photoperiod formed 
flower primordia in numbers which were proportional to the length of the 
period during which COa-containing air was supplied (Parker and Borth- 
wick, 1940). 

However, Leoj)old (1949) and others have shown that potato, pea, 
bean, and some other species initiate flower primordia if grown from 
tubers or seed in total darkness. Such etiolated ])Iants apparently can 
synthesize flower-inducing compounds when stored substances are avail- 
able in tubers or cotyledons. On the other hand, green leafy plants, trans- 
ferrefl to continuous darkness while still in a vegetative state, fail to 
initiate flower primordia. This suggests the existence of an inhibitory 
efTect in the dark of the green leafy condition on flowering, and that an 
effect of exposure to the photoperiod is the elimination of this inhibition. 

Hypotheses regarding the exact mechanism of the hormonal regidation 
of flowering in plants are too much in the realm of speculation to war- 
rant detailed consideration in an introductory discussion. Possible physio- 
logical mechanisms of photoperiodism are discussed by Melchers (1939), 
Cholodny (1939), Hamner (1940), Borthwick et al., (1948b), and Snyder 
(1948). 

The relative lengths of the photoperiod and dark period not only have 
an influence on whether or nut flowers develop, but may also effect the 
sexual expression of plants. In corn {Zea a monoecious species, 

short photoperiods favor production of carpellate and suppression of 
staminate flowers (Schaffner, 1930), the "tassels” becoming more or less 
completely converted into carpellate flowers. Several other species, in- 
cluding cocklebur and ragweed.s, are known to react in similar fashion to 
short photoperiods. Hemp, however, a dioecious species, reacts somewhat 
differently. Usually about half the plants in a field of hemp arc carpel- 
late and about half staminate. The shorter the day length under about 
14 hr. the greater the proportion of carpellate plants on which some 
staminate flowers develop and the greater the proportion of staminate 
plants on which some carpellate flowers develop (Sclmffner, 1923). 

Temperature. — The influence of temperature upon rcprofluctivc growth 
of plants is closely interrelated with photoperiodic effects. Depending 
upon the particular combination of temperature cycle and photoperiod, 
the influence of this factor may be to reinforce the effect of the photo- 
period in inducing or inhibiting reproductive development, or to act in 
opposition to it. In the latt^er situation the effect of either temperature 
or the photoperiod may predominate, depending upon the plant and other 
conditions. 
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It is obvious tliat temperature may affect any hormonal mechanism 
of flowering in various ways. Temperature may influence the rates of 
syntliesis, or of (lestnietion of the compounds involved, the rate of their 
translocation from leaves to meristems, and the effectiveness of the hor- 
mone or hormones in inducing mori)hogenic changes in the meristems. 

The influence of temperature upon the phot()[)eriodic reactions of 
Biloxi soybean has been investigated in consideral)le detail. Initiation of 
flower priiuordia in this speci(‘s was found to be* influenced mucli more by 
the temperature of the dark jieriod than by the temperature of the photo- 
period (Parker and Rorthwick, 1939b). At during the dark period, 

the number of flower primordia-containing buds initiated was much 
smaller than at dark period temperatures of 18° or 24°G. Fewer primordia 
were initiated at a 29°(\ dark-period temperature than at 18° or 24°G., 
but more than at 13°C:. Tlie effect of dark-period temperatures upon the 
initiation of flower primordia was much the same, whether the photo- 
period temperature was 13°, 18°, 24°, or 29°C., although photoperiod 
temperatures of 24° and 29°C. were more favorable to initiation than 13° 
or ]8°C. 

The effects of a localized cooling of the leaves, petioles, and of the 
terminal buds on initiation of flower primordia (Borthwick, Parker, and 
Heinze, 1941 ; Parker and Borthwick, 1943) were studied in order to find 
out whether the principal effect of low temperature was upon synthesis 
of hormone within the leaves, its translocation from leaves to meristems, 
or its effect on differentiation of flower primordia at apical meristems. 
Although low temperatures applied at any of these points exert a retard- 
ing effect on initiation of flowers, lower temperatures must be applied to 
the petioles or buds (about 2°-7°C.) than to leaves during the dark 
period (about 7°-13°C.) if marked inhibition of the flowering reactions 
is to occur. The checking effect of low night temperatures on flower in- 
itiation in this species appears therefore to result primarily from their 
influence on reactions which occur in the leaf blades, since, as tempera- 
ture is lowered, such processes are suppressed sooner than translocation 
of flower-inducing substances or differentiation of floral j^arts. 

There arc other indications that the temperature of the dark period 
has an important influence on the photopcriodic reactions of plants. 
Roberts and Struckmeyer (1938, 1939) have shown that the reactions of 
a number of kinds of plants to length of day may be altered under green- 
house conditions as a result of the night temperature which j^revails. For 
example, the well-known Maryland Mammoth tobacco bloomed under a 
short photoperiod (about 9-10 hr.) if the night temperature was 18°C., 
but not under a long photoperiod (about 16-18 hr.); whereas under a 
night temperature of 13°C. this plant bloomed under both of these photo- 
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periods. Similarly morning gloiy fUcavenly Blue variety) bloomed only 
under long days (about 16-18 hr.) at a night temperature of 13°C., only 
under short days (about 9-10 hr.) at a night temperature of 21°C., but un- 
der both of these photoperiods at a night temperature of 18°C. Similar 
illustrations can also be given for long-day plants. Beet, for example, 
ordinarily flowers only under a relatively long day but, in the relatively 
low temperature range of 10°-16^C., flowers under an 8-hr. photoperiod, 

although not as abundantly as under a 15-hr. photoperiod (Chroboczek 
1934). 

The fact that tlie temperature of the dark period is much more critical 
in Its influence on the reproductive growth of many plants than the tem- 
perature of the photoperiod has important implications for growers of 
greenhouse crops. The patterns of jilant beha^’ior in relation to tempera- 
ture as described above come largely under the heading of thermojieriodic 
leactions. It is oft(ai not merely a matter of temperatures witliin a cer- 
tain range being conducive to reproductive development, but that cyclical 

patterns of alternation between certain day and certain night tempera- 
tures are required. 

Considered primarily from the standpoint of teniiieraturc, some j^Iants 
require relatively low temperatures for flowering, some recjuire relatively 
high temjieratures, and others flower o^'cr a wide range of temperatures 
(Thompson, 1939). Flowering of plants in the first category is adversely 
affected in warm climates, flowering of those in the second is adversely 
affected in cool climates. 

Lettuce is an example of a species in which flowering is favored by 
relatively high temperatures. If the white Boston variety is grown at 
21®-27®C., no heads form and the plants soon begin to develop flower- 
stalks; at 16°-21°C., heads develop first and flowerstalks later; whereas 
at 10®-16®C., heads develop more slowly and flowerstalks either very 
slowly or not at all. Other species in which relatively high temperatures 
are conducive to flowering include cleome, plilox, pepper, and some vari- 
eties of chrysanthemum. 

Celery, beet, onion, cabbage, carrot, cosmos, and stocks are examples 
of plants in which flowering is favored by relatively low temperatures. 
Celery plants, exposed for 10-15 days to 4®-10°C. or ]0°-16°C., develop 
flowerstalks and seed if grown subsequently at I6®-21°C., but if grown 
continuously under the latter range of temperatures remain vegetative. 
Exposure to relatively low temi)oraturcs also favors reproductive growth 
of a number of biennial plants, such as the garden and sugar beet. Such 
plants ordinarily do not flow'cr the first growing season, but usually bloom 
and set fruit the second. However, flower, fruit, and seed development 
fails to take place in these plants during the second season unless they 
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arc exposed to relatively low temperatures l)et\veen their first and second 
growing seasons. Furthermore, hy suitable temperature treatments it is 
possible to induce flowering and seed development of biennial beets the 
first season, thus modifying their growth habit from tliat of a biennial 
to that of an annual. Beet plants (Crosby Egyptian variety ) , for example, 
maintained at 10°-16®C., all fruited the first season; maintained at 16®- 
21 °C., only a few fruited; maintained at a still higher temperature, none 
fruited (C’hroboczek, 1934). 

As several of the examples given above illustrate, the influence of a 
certain temperature treatment at one stage in the life history of a plant 
may influence its development during a later stage. In other words, a 
plant can undergo a thermal induction, which is closel}" analogous to 
photoperiodic induction. The efficacy of thermal induction may depend 
upon the subsequent temperature treatment of the plant. Celery, beet, 
or cabbage plants, thermally induced to initiate flowers by exposure to 
1()®-16°(1, develop flowers and seed more quickly if subsequently main- 
tained at 1G®-21°C. than at 10°-16°C., and remain vegetative indefinitely 
at 21®-27®C. In other words, the effect of the low temperature thermal 
induction can be reversed by subsequent exposure to too high a tempera- 
ture. 

Temperature has complicated effects upon the fruiting as well as the 
flowering phases of reproductive growth. Among these are thermoperiodic 
effects. In tomato, for example, fruit set is abundant only when night 
temperatures arc between 15° and 20°C., being less prevalent or even 
absent at higher or lower night temperatures (Went, 1944). More or less 
similar relationships doubtless hold for many other kinds of plants. 

Carbohydrate and Nitrogen Metabolism. — The flowering phase of repro- 
ductive growth is a relatively transitorv one and is controlled predomi- 
nantly by a hormonal mechanism rather than by nutritive conditions 
within the plant. Ncvcrineless, the construction of floral parts proceeds 
at the expense of foods translocated to the floral meristems, and some 
effects of the nutritional status of the plant are exerted even on this phase 
of growth since no organ of a plant grows well unless adequately supplied 
with both carbohydrates and nitrogenous foods. 

High nitrogen appears to favor development of carpellate rather than 
staminate flowers in a number of dioecious species (Loehwing, 1938). 
In the tomato, deficiency of carbohydrates induces microspore degenera- 
tion and pollen sterility, whereas nitrogen deficiency has no such effect. 
Development of the female organs, on the contrary, is not greatly influ- 
enced by carbohydrate deficiency but is markedly repressed by nitrogen 
deficiency (Hewlett, 1936). 

Development of fruits, particularly those of a fleshy type, is physio- 
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logically vcn^ .similar to vegetative growth. The effects of flifferent pro- 
portions of carbohydrates and nitrogenous foods on the develojanent of 
fleshy fiuits is, in general, similar to their effects upon the development of 
vegetati\e organs. In tomato, even when all other conditions are favorable 


for fruit development, deficiency of nitrogen results in the formation of 
small, tough, woody fruits. When nitrogenous foods are present in ade- 
quate quantities and if other growth conditions arc also favorable, large, 
juicy, succident fruits develop. An adequate supply of water is also an 
obvious requisite for the maximum development of fruits of the fleshy 


type. 


Specific Chemical Compounds. — As the previous discussion has shown, 
there arc many indications that flowering in j)lants is induced by naturally 
synthesized hormones. Flowering can also be promoted, at least in some 
species, by the external application of certain chemical compounds. 
Blooming of i)ineapplc, for example, can be induced by treatment of the 

I^lants with acetylene or ethylene (Rodriguez, 1932; Cooper and Recce, 
1942). 

Certain auxins (a-naphthalcneacetic acid, 2,4-dichlorophenoxyacetic 
acid) also elicit the flowering reaction in pineapples under certain condi- 
tions when applied in suitable concentrations (Clark and Kerns, 1942; 
Van Overbook, 1946). On the other hand, certain auxins such as a-naph- 
thalencacctic acid and indolcacetic acid have been found to exert an in- 
hibitory effect on flowering in some species of plants (Bonner and Thur- 
low, 1949, and others). 

A more complete analysis of the relation of auxins to flowering is 
afforded by the results of Leopold and Thimann (1949), who found that 
relatively low concentrations of a-naphthaleneacetic acid or indoleacetic 
acid promote flowering in barley or teosintc, while relatively high concen- 
trations inhibit it (Fig, 136). 

Various orher chemicals have been found to have rather specific effects 
on the flowering of plants; 2,3,5-triiodobenzoic acid, for example, results 
in an enhanced production of flowers on tomato and some other plants 
when it is sprayed on them in certain concentrations (Zimmennan and 
Hitchcock, 1949). Maleic hydrazide, on the other hand, is an example of 
a compound which inhibits flower initiation when applied in any appreci- 
able concentration (Naylor, 1950). 

Known and probable roles of naturally occurring hormones in the ripen- 
ing of fruits are discussed in the preceding chapter. External application 
of certain compounds, largely of the auxin type, has various effects upon 
fruit development. Among these are prevention of abscission (Chap- 
XXXV) , induction of parthenocarpy, already discussed, and accelerated 
ripening of fruits. This latter effect can be induced in some kinds of fruits 
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by treatment with 2,4-dichlorophenoxyacetic acid. Hastened ripening of 
fruits of apple, banana, and pear has been obtained l)y treatment with this 
compound (Mitchell and Marth, 1944). The effect is somewhat similar to 
that of ethylene, previously discussed. 
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DISCUSSION QUESTIONS 


b With most floricultural plants which is the more practical way of increasing 
nowering during the winter months — increasing the intensity of light or its daily 

duration? 


2. Why do radishes rapidly “go to seed" if planted in the late spring? 
n would bo the probable photoperiodic classification of each of the 

following plants: One that flowers only at day lengths longer than 10 hr.? One 
that flowers only at day lengths longer than 8 and less than 14 hr.? One that 
owers under alternating 5-min. intervals of light and dark and on a photoperiod 
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of 6 hr.? One that flowers when exposed to continuotis illumination but not at a 
photoperiod which is less than 12 hr.? One that flowers at a 9-hr. photoperiod, 
15-hr. dark period; but not on a cycle consisting of O-hr. photoperiotl, 7-hr. dark 
period, 1-hr. photoperiod, and 7-hr. dark period? One that does not flower on a 
O-hr. photoperiod, 15-hr. dark period; but does on a cycle of a 9-hr. photoperiod, 
7-hr. dark period, l-hr. photoperiod, and 7-hr. dark period? One that does not 
flower under a continuous illumination of 100 foot-candles, but does under a 
continuous ilhimination of 1000 foot-candles? 

4. What would be the j)rol)able photoperiodic classification of each of the fol- 
lowing plants: One that flowers in far northern latitudes? One that flowers in 
the tropics? One that flowers in a greenhou.^e in winter in north central United 
States? One that flowers in January in Argentina? One that flowers in late sum- 
mer or early autumn in north central United States? 

% 

5. The climate at certain altitudes on high mountains in tropical regions i.s 
similar in most respects to that of temperate regions. Plants transplanted from 
such mountain habitats to temperate regions often fail to grow and bloom. 
Explain. 
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GROWTH CORRELATIONS 



The development of every organ of a growing plant is influenced to 
some degree by the physiological processes or jihysicochemical conditions 
l)revailing in some other organ or organs. Thus, the vegetative growth of 
many plants is sharply checked during the period of fruiting because the 
presence of develojung fruits strongly influences processes occurring in 
the root system. Similarly, the size and vigor of root systems are influ- 
enced by photosynthetic activities of the leaves, and the formation of 
flower buds and flowers may be controlled l)y processes taking place in 
leaves. Such relationships, often reciprocal, existing among the (organs of 
a plant, are termed growth correlations or often simply correlations. 

Growth correlations are not only exerted by one organ on another but 
also occur among tissues and even among cells. The harmonious develop- 
ment of the plant body as a whole is a result of correlative influences 
operating from organ to organ, tissue to tissue and cell to cell. Hundreds 
of correlative influences are operating more or less continuously in the 
tissues of a growing plant. The discussion in this chai')ter will be restricted 
almost entirely, however, to some of the better known examples of the 
correlative influences of one plant organ on another. 

Not all growth correlations result from ojH'ration of the same internal 
mechanism. Some result from the effect of one organ upon the supply and 
distribution of foods to other organs. One of the effects of leaves upon 
the root system is a correlation of this kind. Other correlations may be 
caused by the greater use of water or mineral salts in one organ than in 
another. A large number of growth correlations apparently result from 
the influence of hormones or hormone-like substances. Examples of such 
correlations have been described in the preceding chapters. It is also pos- 
sible that differences in electrical potential from one part of the plant to 
another may play a role in the correlative development of plants, 
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Correlations Between Reproductive and Vegetative Development. — A 

study of the correlation hetwei'u vesetati\'e development and fruiting; in 
the tomato jdant has been made by ^rurneek ( 1925). 'W'hen tomato plants 
were deflorated or the fruits were remo\'ed as rapidly as they set, the 
plants continued to grow ^’egetati\'ely. If, however, tlie fruits were allowed 
to remain on the plant and enlarge, vegetative development and the for^ _ 
mation of flowers gradually slowed down as more and more fruits began'' 
to develop. The stej^s in the inhibition of the de^'elopment of such plants 
proceeded in approximately the following order: (1) loss of fecundity by 
the blossoms, (2) decrease in the size of the floral clusters, (3) abscission 
of the flower buds, (4 1 checking and later cessation of terminal growth of 
the stem, and (5) eventual death of all parts of the plant except the fruit. 

The checking effect of the enlargement of fruits upon continued vegeta- 
tive development and the dev(‘lopm(‘nt of flowers resulted, according to 
this investigator, from the virtually com|)letc monopolization of all of the 
nitrogenous compounds in the plants by the fruits. C'arb{)liydrates, on the , 
other hand, were found to be stored in considerable quantities in both 
the fruits and vegetative organs. In gen(*ral, the more niti*ogenous com- 
pounds available, the more fruits that set and started to develop before 
inhibition of flowering and vegetative growth l)egan. Removal of the fruits 
at any time before the vegetative parts died resulted in a renewal of 
vegetative growth, and, ultimately, in another cycle of reproductive de- 
velopment. 

The interrelationships between vegetative and reproductive growth have 
also been studied in cotton plants (Eaton and Rigler, 1945; Eaton and 
Joham, 1944). The redtiction in vegetative growth which was found to 
accompany the formation of bolls was attributefl to the small quantity of 
carbohydrate reaching the root system. Most of the carbohydrate synthe- 
sized in the leaves found its way into the developing fruits with the result 
that the root systems received relatively small amounts of food. The effect 
of the low carbohydrate supply to the roots was to reduce markedly the 
absorption of mineral salts which in turn restricted vegetative growth. 
Removal of the fruits resulted in trii)Iing the sugar content of the root 
system and greatly increased the absorption of mineral salts. 

Correlative effects between fruiting and flowering can be observed in 
most species which develop flower primordia over a considerable period of 
time, as is true of many summer-blooming species. If the blossoms of the 
sweet pea (Lathyrus odoratus) are allowed to develop, for example, flow 
ering soon ceases, but if they are picked from time to time flower primor 
dia and blossoms develop continually throughout the growing season. A1 
experienced flower gardeners know that, if continued flowering is to be 
maintained in many species, especially annuals, the flowers must be cut 
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as rapidly as they open, and that allowing fruit development to proceed 
soon results in a checking or even complete cessation of flowering. 

The most satisfactory explanation of the growth correlations just de- 
scribed is that they result from modifications in the internal food rela- 
tions of the plants. In general, they are believed to be caused by a diver- 
sion of such a large proportion of the available foods to developing flowers 
or fruits that other organs suffer a deficiency and hence are checked in 
growth. Both developing flowers and fruits are organs of high assimilatory 
and respiratory activity and hence their maturation may result in a con- 
siderable drain on the available food supply. Some such correlative effects 
seem to result from a virtual monopolization of nitrogenous foods by the 
growing fruits (cf. IMurneek’s results on tomato) ; others appear to result 
mainly from the diversion of carbohydrate foods to the developing flowers 
or fruits {cf. Eaton and Joham’s studies on cotton). 

The Shoot-Root Ratio. — A number of investigations have been made of 
the so-called shoot-root ratios in crop plants. Such ratios are usually cal- 
* ^culated by dividing the dry weight of shoots formed by the dry weight of 
the roots formed during the growth period under consideration. The shoot- 
root ratio is influenced by reciprocal correlative influences between the 
aerial parts of a plant and its roots. The kind and magnitude of these 
correlative effects depend largely upon the environmental conditions to 
which the plant is exposed. For example, the nitrate concentration of the 
substratum has been shown to have a marked influence upon the shoot- 
root ratios of plants (Table 45). 

The results of this experiment indicate a consistent increase in the 
shoot-root ratio with increase in the nitrate concentration of the solution 
culture. In this particular experiment there was also an absolute reduc- 
tion in the dry weight of the roots developed with increase in nitrate con- 
centration, but this was not found to be true in all the experiments per- 
formed by this investigator. Similar results have been obtained with a 
number of other species and by plants rooted in the soil as well as in 
solution cultures. 

The effect of nitrates upon the shoot-root ratio can be interpreted in 


VABLE 45— INFLUENCE OF NITRATE CONCENTRATION UPON THE SHOOT-ROOT RATIO OF 
BARLEV PLANTS. DURATION OF THE EXPERIMENT 49 DAYS (dATA OF TUR.NER, I922) 



Dry weight of 
shoot in grams 

1 

Dry weight of 
roots in grams 

S/R ratio 

Low nitrate . . . 

9 64 

II 81 

1.81 

5-33 

8.28 

Medium nitrate 

J 43 

1. 17 

High nitrate 

10.55 

9.08 

1 
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terms of their influence upon the intc'rnal food relations of jdants. If the 
nitiate concaaitraticjn of the suhsti'atuin in which the j)lant is rooted is 
low, most of the nitrates absorbed are utilized in the synthesis of amino 
acids in thc' roots, the caibohydrates necessary for this ])i’(»cess bein^ 
tianslocated downward from the leaves. ^lost of these amino acids arc 
Used in tiu' syntliesis of protoplasmic ]>i’oteins during the j^rowth of thc 
loots. Ordy a small proportion of the a^■ailabh' nitrogenous compounds 
escapes utilization in tin* roots and is translocated (either as nitrates. or 
as amino acids and relatc'd compoundsi to th(' aerial portions of the jilant. 
The tojis are, theixdore, i'('Iati\'ely deficient in j^roteins. Hence the growth 
rati- of the acu'ial portions of the plant will be relatively slow and the 
slioot-root I’atio j-('lati\'elv low. 

4 

lien the sup[)ly nt iiitiatt's is more al>undant, however, a smalfer jiro- 
I>ortion of tiie total (luantity absorbed is utilized in the roots. A larger 
]'roportion of the nitrogen, as a constituent of one kind of compound or 

•anslocatiMl info tlu‘ aerial jiortions of tin* jdant, where much 
or all ot it is usually utilized in tlie syntlu'sis of ])roto|>lasmic j)roteins. 

1 he cjihancc'd A'egetati\'(.‘ develoi)ment of the aerial organs of the plant 
wlrich is ta\'ored by such metalxilic conditions results in the utilization of 

■s as well as nu^re pioteinaceous foods l)y the aerial 
meristems. l^ecaiise of the \ igorous \'egetati\'e development of the shoot 
system the i^i()i)ort ion of the carbohydrate foods which ai’c t ranslocated 
to the roots may be relati^•(‘]y small. Hence, relative to the shoots, thc 
roots are likely to bi‘ deficient in lutth carbohydrates and )M*oteins, since 
synthesis of the ]att(*r reciuirt's carbohydrates as well as nitrates, and 
grow at a relatively sIo\^■er I’ate than thc tops. The net result is a higher 
shoot-root ratio than when the plants are grown in a soil which is deficient 
in nitrates. 


Similarly, a decri*ase in the sujjply of carbohydrates within the plant, 
as a result of a diminution in the rate of photosynthesis, or any other 
cause, influences the shoot-root ratio of j^lants. In general, diminution in 
the quantity of carbohydrate foods a^'ailable in the toj^s results in an in- 
creased shoot-root ratio, anrl ince ?'cr.sa. Plants grown in the shade, for 
examj)le, have higher shoot-root ratios than other plants of the same si)c- 
cies grown in full sunlight. Pruning commonly results in increasing thc 
shoot-root ratio of woofly plants, since thc new growth following pruning 
is usually especially vigorous, resulting in monopolization of most of the 
available carbohydrates by thc shoots. For similar reasons, defoliation 
from any cause, or cutting of leaves or tops (grasses, alfalfa, etc.) usually 
has the effect of increasing thc shoot-root ratio. Removal of flowers, de- 
veloping fruits, or developing buds, on the other hand, often favors root 
growth and may result in a decrease in the shoot-root ratio. The explana- 
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tion of such effects follows a line of reasoning siinilai' to tliat just pre- 
sented in explanation of the relative influenee of higli and low nitrate 
supply on the shoot-root ratios of jilants. 

The shoot-root ratio is also influenced hy the available soil-water con- 
tent. In general, a relatively low soil-water content and adequate soi' 
aeration favor relatively low shoot-root ratios, while the opposite con- 
ditions favor relatively high ones (Table 46). The shoot-root ratios as 
shown in this tal)le are computed on a fresh weight basis but undoubtedly 
would show essentially the same relations if expressed on a diy weight 
basis. The results indicate clearly that the shoot-root ratio increases with 
increase in the percentage of water in the soil. The absolute weight of the 
shoots increases consistently with increase in soil-water content, while the 
absolute weight of the roots increases to a maximum at a soil water con- 
tent of 20 per cent, after which it diminishes. The lesser development of 
roots at the higher soil water contents is undoubtedly a result of the poorei 
aeration of the wetter soils (cf. Table 47). 


TABLE 46 — SHOOT-ROOT RATIOS Of CORN SEEDLINGS CROWN FOR I7 DAYS IN SAND AT VARIOUS 

WATER CONTENTS (dATA OF HARRIS, I9I4) 


1 

1 

Per cent water in terms 
of dry weight of sand 

* 

Fresh weight in grams 

S/R ratio 

Shoots 

Roots 

38 

363 

1 

4.05 

0.90 

30 

3-54 

4.21 

0. 84 

10 

1 

3-36 

5.18 

0.65 


i -35 

4.90 

0. 48 

1 

II 

1 . 56 

1 

1 

1 

4-30 

1 

1 0.36 


The relationship between photoperiodisin and the shoot-root ratio has 
also received some study (Roberts and Struckmeyer, 1946). In general, 
long-day plants have higher shoot-root ratios under long photoperiods, 
an short-day plants have higher shoot-root ratios under short photo- 
peno s. These generalizations are in agreement with the observation that 
p ants blossoming or with young fruits have higher shoot-root ratios than 
vegetative plants. The explanation probably lies in the monopolization of 
lood materials by flowers and developing fruits. It is also possible that the 
ecreased formation of phloem tissues associated with flowering plays* a 
ro e in restricting the flow of foods into the root system. 

nadequate soil aeration results in a reduction in root growth in most 
species and commonly leads to an increased shoot-root ratio (Table 47) , 
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TABLE 47 — EFFECTS OF AERATION WITH DIFFERENT PROPORTIONS OF OXYGEN AND NITROGEN 
ON SHOOT-ROOT RATIOS OF YOUNG TOMATO PLANTS GROWN IN SOLUTION CULTURES 

(data of ERICKSON, I946) 


Concentration of oxygen, 
milliequivalents per liter 

Dry weight in grams 

S/R ratio 

Shoots 

Roots 

0.05 

1.31 

0.23 

5.88 

0.15 

2.44 

0.53 

4-47 

0.25 

2.68 

0.70 

3-86 

0-5 

2.78 

0.74 

3-77 

* I.O 

3-11 

0.78 

4.05 


* Approximate equilibrium with oxygen at atmospheric concentration. 


Increase in tciniierature within the physiological range for plants usu- 
ally results in an increase in shoot-root ratio (Table 48). 


TABLE 48 EFFECTS OF TEMPERATURE ON THF. SHOOT-ROOT RATIO OF CARROT 

(data of BARNES, I936) 



Fresh weight in grams 


I'empcraturc 

Shoots 

Roots 

S/R ratio 

50-60 

13.6 

58. 1 

0.234 

60 70 

22.1 

76. 1 

0.290 

70-80 

1 

14.2 

29-S 

0.481 


In addition to the effects of onvironincntal factors it is highly |)robable 
that the shoot-root ratio is also influenced bv the movenient of hormones 

4 

such as the postulated rhizocaline and caulocaline (Chap. XXVIII) from 
shoot to root and vice versa. 

Apical Dominance. — In many herbaceous plants which produce aerial 
stems growth in length takes place principally or entirely at the apex of 
the main axis of the plant. Although a lateral bud is jircsent in the axil of 
every leaf, side branches do not often develop from these buds as long as 
the terminal bud retains its vigor and continues to grow. If, however, the 
terminal bud is destroyed or injured in any way, or is artificially removed, 
development of one or more of the lateral buds usually starts at once. 
This inhibiting effect of a terminal bud upon lateral bud development is 
called apical dominance and is much more pronounced in some species 

than in others. 

The phenomenon of apical dominance is usually also in evidence in a 
woody plants on which true terminal buds form. The lateral buds on cur- 
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rent shoots usually do not develop unless the terminal bud is destroyed or 
injured. Development of the lateral buds on older shoot segments is of 
more frequent occurrence, indicating that the inhibitory effect of the 
apical bud diminishes with greater distance of tlie lateral buds from the 
apex of the stem. In many woody species mo.st of the axillar}^ buds regu- 
larly develop into lateral branches the next growing season after the one 
during which they formed. 

The controlling effect of the ai)ical l)ud in apical dominance a])j)arently 
results from its auxin content. When agar blocks containing eitlier auxin b 
or indoleacetic acid were applied to 
broad bean (Vida faba) plants in 
place of the terminal buds which had 
been removed, the blocks being, re- 
placed with fresh ones from time to 
time in order to maintain the supply 
of auxin, inhibition of lateral bud de- 
velopment occurred just as if the ter- 
minal bud were intact (Skoog and 
Thimann, 1934). The lateral buds on 
check plants, to which only plain agar 
blocks were applied, developed rap- 
idly. 

A number of growth regulating 
compounds have similar effects upon 
the growth of lateral buds if applied 
in proper concentrations to the cut 
surface of a detipped stem. Lateral 
buds on vigorous field grown tobacco 
plants, for example, can be kept from 

growing for three weeks after removal' Fig. 165. Plants in the left fore- 
of the terminal bud by the application ground treated with ot-napthalene- 
of a lanolin paste containing 5 per acetic acid. Plants on the right and 
cent a-naphthaleneacetic acid to the central^backRronnd are un- 

upper end of the decapitated stem. 

Lateral buds on similar detipped to- 
bacco plants to which no growth regulator was applied grow to a length 
of 3 or 4 feet in the same interval of time (Fig. 165). 

When potato tubers begin to sprout, the apical buds grow rapidly but 
the lateral buds usually fail to elongate. If, however, the apical and lat- 
eral buds are cut out of the parent tuber, both grow at similar rates 
(Michener, 1942). Treatment of the tubers with ethylene chlorohydrin 
which causes the destniction of auxin, results in the rapid growth of both 
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lateral and apical buds. As in the other examj)les cited above, the evidence 
clearly supjiorts the thesis that the growth of lateral buds is checked by 
auxins formed in the apical buds. 

Although there is no doubt that auxins play a key role in the phenome- 
non of apical dominance, the exact mechanism of their operation in this 
kind of giouth correlation is not known with certaintv. The original sug- 
gestion of Skoog and lliimann (1934) was that the auxin exerted'a direct 
letarding effect on the development of lateral buds. According to this 
theory, as long as the auxin concentration in the adjacent tissue exceeds 
a given threshold, concentration growth of the lateral buds is inhibited; 
if the auxin concentration falls below this value, lateral buds begin to 
grow if no other factors are limiting (Skoog, 1939). Cf. Fig. 136 

Other more elaborate interju’otations of the mechanism whereby auxins 
inhibit lateral bud development have been made. It has been postulated 
that certain other substances necessary for bud growth arc diverted to 
regions of relatively high auxin concentration such as terminal buds and 
that lateral buds fail to develop because of their lack of these substances 
in adequate quantities. One such suggestion is that caulocaline (Chap. 
XXVIII) — considered to be necessary for stem elongation — moves pri- 
maril}^ to regions of maximum auxin synthesis, f.e., in intact stems to the 
apical buds (AA^ent, 1938). 

Another postulated mechanism, one for which there is considerable 
supporting evidence (Snow, 1939, 1940), is that, under the influence of 
auxin, a growth inhibitor is formed that is responsible for the inhibition 
of lateral bud growth. The auxin, moving in its usual downward direction 
through the stem, is considered to engender in some manner the synthesis 
of a growth inhibitor which, upon movement into lateral buds, prevents 
their growth. Since it is known that some growth inhibitors have a chem- 
ical structure not greatly different from that of the auxins it is possible 
that such an inhibitor may actually be made from auxin. 

Another aspect of apical dominance is illustrated by the growth habit 
of many trees. Most coniferous trees and some broad-leaved trees as well 
have a single main stem which grows vertically upward. The lateral 
branches, however, assume an obliquely upright or almost horizontal posi- 
tion. If the apex of the main stem is destroyed or seriously injured, one 
or more (often all) of the lateral branches originating at the node or 
nodes immediately below the apex gradually turn upward as a result of 
greater growth on their lower than on their upper sides. Eventually these 
branches assume an approximately vertical position often giving a can- 
delabrum-shaped top to the tree. Subsequent vertical growth of the tree 
is accomplished by means of these reoriented branches. Maintenance of 
the more or less horizontal growth of the lateral branches in uninjured 
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trees is obviously a result of some kind of control exerted by the apical 
growing region. Although no concrete evidence exists in support of such a 
theory, the probability seems ver>^ great that this type of growth correla- 
tion is also to be explained in terms of a hormonal mechanism. 

Cambiol Activity end Tissue Differentiation. — The first sign of growth in 
trees in the spring of the year is the swelling of the buds. This is quickly 
followed by the opening of the buds and the rapid elongation of the young 
stems. The resumption of growth by cambium cells in the older stems 
occurs much more slowly, however, and many days may elapse after the 
opening of the buds before cambium cells in the older stems begin to 
divide and enlarge. The division and enlargement of cambium cells first 
begins near the tips of the stems. A wave of cambial activity moves slowly 
from this region down the stems and branches and into the roots. Accom- 
panying this basipetal migration of cambial activity is the differentiation 
of secondary xylem and phloem tissues. This progressive march of tissue 
differentiation from opening buds toward the roots has been known for 
many years, but until the discover^’’ of hormones no satisfactory" explana- 
tion of the phenomenon had been advanced. 

There is considerable evidence that resumption of cambial activity is 
activated by auxins w'hich move in a basipetal direction in stems from 
developing buds. Snow (1935) showed that, if solutions of certain auxins 
were applied to the cut surface of detipped sunflower seedlings, activation 
of cambial growth was induced just as in intact plants, but no such activa- 
tion occurred in detipped plants to which no auxin was applied. Similarly 
introduction of a crystal of indoleacetic acid into the cambium of willow 
and other woody species leads to rapid cambial growth below the point 
of insertion of the crystal (Soding, 1936). Avery et al. (1937) showed that 
the auxin concentration of buds of apple and horse-chestnut increases at 
the time of their enlargement and reaches a peak value just prior to the 
niost rapid elongation of the current season^s shoots. Movement of the 
hormone takes place from the current season’s growth basipetally into 

older portions of the stem, paralleling the downward migration of cambial 
activity. 

In herbaceous plants a growth correlation also appears to exist between 
cambial activity and flower production (Wilton, 1938). Cambium cells 
divide rapidly throughout the entire length of the stem in plants that are 
strongly vegetative and growing vigorously. When flowering begins, the 
activity of the cambium cells is sharply checked. Cambial activity con- 
tinues to decline as flowering progresses until, in profusely flowering 
plants, all of the cambium cells appear to have been differentiated into 
xylem and phloem tissues. The check to cambial activity first occurs in 
the region of the stem closest to the inflorescence and progresses basi- 
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petally from this region. The correlations between flower formation and 
cambial actwity suggest the operation of a hormonal mechanism. Since 
transformation of a large proportion of vegetative to reproductive meri- 
stems would greatly reduce auxin output, it seems likely that this may be 
another auxin-controlled growth correlation. 

Growth Correlations Between Leaves and Buds. — Examination of a leafy 

shoot will show that a bud is present in the axil of every leaf. This same 
relationship between the position of leaves and the location of buds also 
holds at the shoot apex where embryonic buds develop above the center 
of each leaf primordium. When leaves are caused to form in unusual posi- 
tions, buds also arise above the center of the point where the leaf joins 
the stem. The constancy of this relationship between leaves and buds sug- 
gests some controlling influence of the former organ over the development 
of latter. Very soon after the leaf primordium begins its development the 
first signs of bud formation also can be detected. However, if the young 
leaf primordium is carefully excised no bud will develop. Furthermore 
partial separation of a very young leaf primordium from the stem apex 
by a vertical incision results in the formation of the bud upon the isolated 
portion of the leaf primordium — never upon the stem axis itself (Snow 
and Snow, 1942). Experiments of this kind demonstrate that the develop- 
ment of buds is controlled by the leaf and not by factors in the stem axis. 
The mechanism of this control is unknown, but it is probably of a 
hormonal type. 

Polarity. — Many growth correlations are polar; that is, the two ends of 
a growing axis exhibit a marked dimorphism in development. The most 
familiar example of polarity in plants is that shown by cuttings, in which 
roots develop from the basal end and shoots from the apical end. Even if 
such cuttings are inverted and kept in a moist atmosphere roots will usu- 
ally develop only from the morphologically basal end and shoots only 
from the morphologically apical end. It is not diflBcuIt, however, to induce 
the formation of roots at the upper end of a stem by the application of 
relatively high concentrations of growth regulators (Fig. 165). 

While the obvious manifestations of polarity are morphological, basi- 
cally all such phenomena depend upon a physiological mechanism. Many 
of the polar phenomena of plants probably result from the polar trans- 
port of auxins or other hormones. The polarity of cuttings, for example, 
can be explained largely, if not entirely, on a hormonal basis. 

The movement of auxins in stems is usually polar in the basipetal direc- 
tion (Chap. XXVIII). This polarity of movement appears to be associ- 
ated with some fundamental organizational pattern of the protoplasm and 
oannot be changed easily. Segments of a stem with roots induced to form 
at the morphologically upper end of the stem axis can be inverted and 
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"rown for weeks in the inverted position without altering the original 
apex-to-basc polarity of auxin transport (Went, 1941 ). After 3 or 4 weeks 
in the inverted position a new polarity appears. The stem segments now 
transport auxin from the original l)ase to the morphological apex as well 
as in the original direction. The inherent ai)ex to l)asc i)()larity of the stem 
persists, but a new jiolarity in tlic reverse direction is also present. Pre- 
sumably the new polarity is limited to cells formed during growth in the 
inverted position. 

In addition to morphological polarities and j^olarities in the distribution 
of certain compounds, plants also exhibit electrical polarities. The apexes 
of the stems, hypocotyls, and coleoptiles of a number of herbaceous spe- 
cies have been shown to be electronegative relative to more basal portions 
(Clark, 1937). In larger plants, such as trees, the distribution of gradients 
of electrical potential is more complex (Lund, 1931). Apparently each in- 
dividual cell in a plant is electrically polarized and acts like a tiny bat- 
tery. The electrical potentials occurring in plant tissues are summation 
effects of the potentials of individual cells which may act either in series 
or in parallel (Rosene, 1935). 

As a result of differences in electrical potential from one part of a plant 
to another electric currents flow continuously along certain circuits in the 
plant, and it has been suggested that these may serve as a mechanism of 
correlation. Electrical energy may thus be transferred from one cell tO 
another, influencing the processes or development of the recipient cell. Al- 
though there is no doubt that polarity potentials exist in plants, the evi- 
dence that they are the basis of a correlation mechanism is as yet very 
insubstantial. On the other hand, it is possible that the differences in elec- 
trical potentials kno^vm to exist in plants are purely secondary phenomena 
which bear no causal relation to the correlative behavior of plants. 

Plant Galls. — Growth correlations are not restricted to the influence one 


plant organ exerts over the gro\vth of another plant organ. Remarkable 
control over the growth and structural differentiation of plant cells may 
also be exerted by insect larvae. When the eggs of certain dipterous in- 
sects are deposited on the surface of young hickory leaves, for example, 
the leaf tissue begins a rapid growth around the egg and develops a dis- 
tinctive and often extremely complicated structure, the anatomical fea- 
tures of which are determined by the species of the insect laying the egg. 
These intricate and beautifully symmetrical structures are known as galls 
(Fig. 166) . So complete is the control exerted by the growing insect larvae 
over the architecture of the plant tissue constituting the gall that the 
species of insect larvae present can be identified by an examination of the 
structure of the gall. It is possible for twenty or thirty different insect 
galls to grow side by side on the same hickory leaf. The same kind of plant 
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ILL. Pianf gallc on Iea\'os of hickory. Ail of those kinds of galls and oflior.' 
may he formed on a single hickory leaf. Redrawn from Wells (1915). 


tis.suc tims (h'volops into a wide variety of arehitcetural forms undei* some 
nu’chainsm of contiol determined wiiolly hy the particular species of in- 
sect Iar\'a present. The mechanism of control is not known i)ut probably 
I'cpresents another example of the influence of growth regulating sub- 
stances on tlie physiological activities of plant cells. 
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The Structure of Seeds. — The development of seeds is discussed in some 
detail in Chap. XXXI. All seeds contain an embryo plant which is en- 
closed by one, or more commonly by two, seed coats.^ The seed coats 
originate from the integuments of the ovule and often exhibit external 
structural evidences of this origin even in the mature seed. Among these 
are the hilurrij "which represents the place where the seed was attached to 
the ovule stalk (juniculus) y and micropyle, which frequently persists in 
the mature seed, and the raphe, a remnant of ovule stalk which in certain 
kinds of seeds is adherent to the seed coats. When a single seed coat is 
present it is usually hard and woody, but when there are two seed coats 
the inner is almost invariably thin and membranous. 

The embryos in seeds of different species of plants differ markedly in 
size and appearance, but all mature embryos are composed of one or more 
cotyledons, a plumule, and a hypocotyl (Fig. 167). The cotyledons are 
the seed leaves and vary in number from one in the monocotyledons to as 
many as fifteen in the embryos of some conifers. The embiyos of dicoty- 
ledons have two cotyledons, as the name implies. Structurally the cotyle- 
dons are modified leaves, but usually they differ greatly in appearance 
from the foliage leaves of the same species. The cotyledons (or cotyledon) 
are attached near the upper end of the short thick stem-like axis of the 
embryo, the hypocotyl. The plumule or bud of the embryo is usually lo- 
cated just above the point at which the cotyledon or cotyledons are at- 
tached to the hypocotyl. The plumule consists of a meristem with several 
rudimentary foliage leaves. The primary root of the plant develops from 
the lower end of tlie hypocotyl. The rudimentary root at the lower end of 
the hypocotyl is often called the radicle. 

' In the skunk cabbage {Spathyema joetida) and possibly in a few other species, 
the seed consists only of a naked embryo (Rosendahl, 1909). 

702 


GERMINATION OF SEEDS 


703 


\ 

V 


I 


An endosperm is also present in the seeds of many species (Fig. 1677^1. 
This tissue develops from the endospenn nucleus and usually contains 
considerable quantities of accumulated foofls. In the seeds of those species 
which contain no endosperm, such as the legumes, the cotyledons are usu- 
ally enlarged and contain considerable quantities of reserve fof>ds (Fig. 
167B). Some seeds contain a peri- 


sperm which represents remnants 
of the nucellus. The so-called “en- 
dosperm” in the seeds of gjunno- 
sperms is not a true endosperm 
but represents the female gameto- 
phyte (Fig. 167F). 

Germination of Seeds. — The re- 
sumption of active growth on the 
part of the embrjm resulting in 



plumuU 


hypocofyf 


cotyledon 



the rupture of the seed coats and 


the emergence of the young plant 
is known as germination. The 
seeds of many plants will germi- 
nate as soon as ripe if environ- 
mental conditions are suitable. 
Pea seeds, for example, sometimes 
germinate within the pod, corn 
grains may sprout while still at- 
tached to the parent plant, and 
the seeds of some citrus species 
frequently germinate while still 



>ypocofiff 

^umu/e 

’'.of^/edon 


endosperm 



within the fleshy fruits. Seeds of 
many other species, however, will 
not sprout until after an interval 
of weeks, months, or years, even 
if environmental conditions are 
favorable for germination. The 
causes of this condition of dor- 
mancy in seeds will be discussed 
later. 

In nature, germination of seeds 
usually occurs either at or just be- 
low the surface of the soil. The 
latter is more apt to happen in 
forests where seeds, especially 
smaller varieties, often fall into 
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Fig. 167. Structure of seeds. (A) Seed 
of lima bean with seed coat removed, 
(B) seed of lima bean with one cotyle- 
don removed, (C) seed of castor bean 
as seen in longitudinal median section, 
(D) seed of castor bean with endosperm 
removed down to the first cotyledon, 
{E) seed of pinyon {Pinus edulis) as 
seen in longitudinal median section. 
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interstices in tlie decaying detritus which composes the top layer of many 
forest soils and are later covered by falling leaves. In the laboratory, 
nondormant seeds will usually sprout if they are brought into contact 
with any moist substratum or even simply exposed to a saturated atmos- 
phere, provided other environmental conditions are also suitable. 

1 he initial step in germination is the imbibition of water by the various 
tissues within the seed. This generally results in an increase in its volume. 
The inciease in the hydration of the seed coats usually causes a pro- 
nounced increase in their permeability to oxygen and carbon dioxide, 
which is very low in the dry seed coats. The swelling of the seed often 
ruptures the seed coat, but in some species this does not occur until the 


emergence of the primary root. 

AA ith an increase in the hydration of the cells, enzymes become acti- 
^ ated. In seeds possessing an endosperm, enzymes apparently move into 
that tissue from the embryo as described in Chap. XVI. Stored foods, 
whether they occur in the endosperm or cotyledons, are digested and the 
soluble products of the digestion process are translocated toward the 
growing points of the embryo. If chemical analyses are made of samples 
of seeds at successive stages during their germination, it is found that 
the quantity of starches, oils, and proteins in the seed decreases markedly 
(Table 34). A large proportion of the fats present are usually converted, 
after digestion, into soluble carbohydrates. The soluble carbohydrates are 
not present during the later stages of germination in amounts quantita- 
tively equivalent to the starch or other storage carbohydrates digested 
during the process, indicating that a large proportion of these compounds 
is consumed in respiration or assimilated in the construction of the carbo- 
hydrate constituents of cell walls. In oily seeds the soluble carbohydrates 
utilized in respiration result largely from chemical transformations of the 
products of the digestion of fats. Digested proteins are usually represented 
in the seeds by quantitatively equivalent amounts of amino acids, aspara- 
gine, etc. This indicates that proteins are not consumed in respiration but 
are utilized in the synthesis of the organic nitrogenous compounds of the 
growing embryo. 

Insofar as the actual mechanics of seed germination are concerned two 
principal groups of seeds may be recognized: (1) those in which the 
cotyledons emerge from the seed and (2) those in which the cotyledons 
remain permanently within the seed. Most seeds of dicotyledons and 
seeds of some monocotyledons such as onion belong to the first group 
while the seeds of grasses and of some dicotyledons such as peas and oaks 
belong in the second. 

1. Seeds in Which the Cotyledons Emerge . — The sequence of events 
that takes place during the germination of the seed of the lima bean 
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{Phaseolus lutiatus) will 1)C (k'scril)e(l as a typo oxainplo iu this ^roup 
(l*'ig. 1681 . Clomiination is initiated hy a marked swelling of the .-eed 
which \isuallv ruptures the seed coat. This is followed hy llie emergence 
of the primary root which de^■elo])s from the lower end of the hypocotyl 
and is the first strvicture of the embryo to make contact with the external 
environment. The juimai’y root grows downward in the soil i)rodueing lat- 
eral roots and root hairs. Tlu* hypocotyl then elongates rapidly, i>ulling 
the cotyh'dons upward out of the soil into the air w here they separate into 
an approximately hoiizontal po>ition on eitlier side of the 1)11110010. The 



Fifi. 168 . Stages in the germination of a seed of lima bean (Fliascolus lunatus). 

plumule then begins active growth giving rise to the stem and foliage 
leaves of the seedling. Since the bean is a seed without an endosperm, the 
food used during germination is largely derived from the accumulations 
in the thick cotyledons. 

2. Seeds in Which the Cotyledons Do Not Emerge . — The seed of the 
pea IS structurally very similar to that of the bean, but its germination 
behavior is very different. Elongation of the hypocotyl does not occur, 
and the cotyledons remain in the seed. The primary root elongates early 
in the process of gennination much as in the bean. The plumule is elevated 
through the soil by rapid elongation of the epicotyly which is the stem 

region between the cotyledons and the first true leaves — in other words, 
the first internode. 

This type of germination is also exhibited by oak acorns (Fig. 169) . 
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Many monocotyledons also show this type of germination behavior. In 
the germination of the corn pain, for example, the primary root develops 
from the lower end of the axis of the embryo, growing through the coleor- 
hiza (Fig. 84) and the wall of the grain (pericarp). As the jirimary root 
elongates, lateral roots soon ajipcar and root hairs begin to develop just 
back of the elongating regions on all of the roots. The single cotyledon 
iscutellum) remains within the seed and acts as an absorbing" organ 



Fig, 169. Stages in the germination of a red oak (Quercus borealis) acorn. 

Redrawn from Korstian (1927). 
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through which soluble foods in the endosperm move into the tissues of 
the rapidly enlarging embryo. Soon after the appearance of the primary 
root the plumule and the coleoptdey whieh completely encloses it, grow 
out through the v/alls of the grain and upward as a result of elongation of 
the region of the axis just below the plumule. About the time the eoleop- 
tile breaks through the surface of the soil, or soon tliereafter, the first 
foliage leaf grows through the tip of the coleoptilc and emerges into the 
light and air. 

Environmental Conditions Necessary for Germination. — The seeds of all 
species of plants require at least three external conditions before germina- 
tion can occur; (1) water, (2) a suitable temperature, and (3) oxygen. A 
fourth factor, light, is of importance m the germination of the seeds of 
some species. 

1. T^'^a^er. — A low water content is one of the prominent characteristics 
of the dormant seeds of most plant species, although some seeds become 
injured and lose the capacity to germinate if their water content falls to 
low levels (Jones, 1920). The germination of grapefruit seeds, for example, 
was reduced 30 per cent by drying at room temperature to 52 per cent 
moisture, although much lower moisture contents did not reduce germina- 
tion if the temperatures were reduced to 5°C. (Barton, 1943). 

The physiological processes of living cells occur largely in an aqueous 
medium, and germination cannot occur unless the seed can absorb water 
from its environment. The absorption of water initiates a series of physical 
and chemical processes wdiich, in the absence of any limiting factor, re- 
sults in the emergence of the embryo from the seed. Soil-moisture contents 
need not be high, however, for germination to occur. hen soil moisture 
levels are at or slightly below field capacity, germination of seeds is usu- 
ally most rapid, but good germination of many species of seeds and sub- 
sequent emergence of the young seedlings may occur w'hen the soil mois- 
ture level is at the permanent wilting percentage or even slightly low^er 
(Doneen and MacGillivray, 1943). 

The quantity of water absorbed during germination by seeds of dif- 
ferent species or even by varieties of the same species varies within wide 
limits. Seeds of a drought resistant variety of cotton, for example, have 
been found To absorb only about one-half as much water during germi- 
nation as seeds of a variety less resistant to dry weather (Stiles, 1948) . 

Water-vapor as well as liquid water can be imbibed by seeds. Most 
seeds, therefore, will pass through the earlier stages of germination in 
an atmosphere which is saturated, or nearly so, but if the vapor pressure, 
of the atmosphere is appreciably bolotv the saturation value germination 
will be checked or inhibited. 

2. Oxygen , — ^The respiration of germinating seeds proceeds at a rapid 
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are especially during the early stages of germination. The partial pressure 
ot oxygen in the atmosphere can he reduced considerably, however with- 
011 greatly interfering with the rate of rcsiiiration (Chap. XXI). In fact 
he seeds of some water plants such as cattail (Typha latifolia) germinate 
better under low o.xygen pressures than in air. Seeds of many terrestrial 
plants can gerininate under water where the concentration of oxygen often 
corresponfls to a partial pressure of oxygen very much less than that of 
lie atmosiihere (Morinaga, 1926). Seeds of many common weeds may lie 
niried in the soil lor years witliout germinating; yet when the soil is 
Idowed or otherwise disturbed so that these seeds arc brought to the 
surface germination usually occurs promptly. The cause for this delay in 
germination of viable seeds apiiears to be the low oxygen content or high 
carbon dioxide content, or iiotli, of the soil in wiiich they are buried. Ex- 
posure to the air, whicli occurs as a result of plowing, so increases the 
GxyS^ri supply in the environment of the seeds that germination usually 

1948) ^ if other conditions arc not limiting (Bibbcy, 

During the early stages of germination of seeds of pea and some other 
species, respiration is largely or almost entirely of the anaerobic type be- 
cause of the relative impermeability of even hydrated seed coats of such 
sjiecics to oxygen {( haji. XXTT). As soon as the seed coats are niptured, 

hovc\er, aerobic respiration replaces anaerobic oxidative processes even 
in. seeds of this type. 

3. Snifabie Temperature . — In the absence of other limiting factors the 
seeds of any species will germinate witliin a certain range of tempera- 
tures, but at temperatures above or below this range no germination will 
occur. As a rule, the seeds of species indigenous to temperate regions ger- 
minate in a lower range of temperatures than seeds of species whose na- 
tive habitat is in tropical or subtropical regions. Wheat seeds, for example, 
germinate at temperatures only slightly above 0°C. and at temperatures 
as high as 35°C., whereas the range of temperatures for germination of 
seeds of maize (a species of subtropical origin) lies between a lower value 
of 5°“10°Cy and an ujiper limit of about 45°C. The optimum temperature 
is usually about midway between the two extremes of temperature at 
which germination will occur. It is not possible to designate any exact 
temperature as the optimum for germination, because this varies with the 
other prevailing environmental conditions and also with the exact criterion 
selected as an index of germination. The most favorable temperature for 
the elongation of the primary root, for example, does not always cor- 
respond to the most suitable temperature for the development of the 
plumule. 

4. Light . — A few species of plants including the strangling fig (Ficus 
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the development of roots on cuttings and to increase the number of loots 
produced (Cdiap. XXVIII). The success obtained by these treatments has 
suggested the possiliility of interrupting the dormancy of seeds or improv- 
ing their germination by similar means. Considerable study has l)cen de- 
voted to this problem but with very few exceptions neither dormant nor 
(liiiescent seeds appear to react to treatments with growth regulators. 

Longevity of Seeds. — The life-span of seeds varies from a few weeks to 
many years, depending upon the species and the environmental conditions 
to which the seeds are subjected. The silver maple (Acer saccharinum) 
may be cited as an example of a species which has short-lived seeds. V hen 
the seeds of this species are shed in June tlieir water content is about 58 
per cent. Once their moisture content drops below 30 to 34 per cent, the 
seeds die (Jones, 1920). Since this often happens within a few weeks in 
nature, seeds of this species soon perish. The seeds of the majority of crop 
plants are relatively short-lived under the usual storage conditions, gen- 
erally remaining viable for only one to three years. The life-span of such 
seeds can often be increased several fold by keeping them under suitable 
storage conditions. 

At the other extreme there are a few authentic records of seeds which 
have lived for more than a hundred years. Bequerel (1934) succeeded in 
germinating in 1934 seeds of Cassia bicapsitlaris which had been collected 
in 1819, and seeds of Cassia mvltijuoa which had been collected in 1776. 
These are both South American species of legumes. Viable seeds of the 
Indian lotus (Xehnnbo nucifera) have been found buried under layers of 
peat and soil in ^lanchuria of such depth that they must have been at 
least 120 years old and may have been 200 to 400 years old (Ohga, 1927) . 
With this one exception all the authentic records of seeds living for 75 
years or longer are of legumes. Further data on the longevity of seeds are 
given by Crocker (1938). 

At least some of the seeds of a number of species of wild plants will 
remain viable for 50 years or more. This is especially true of hard-coated 
species. As a general rule only seeds with a pronounced dormancy remain 
viable very many years in nature. The seeds of many weed species are 
notoriously long-lived as compared with the seeds of most crop plants. 
This is illustrated by an experiment initiated by Beal at East Lansing, 
Michigan, in 1879. Seeds of twenty herbaceous species were mixed with 
sand and buned in pint bottles. Twenty such bottles were prepared. Once 
every five or ten years one of the bottles was excavated and the enclosed 
seeds tested for their percentage of germination. Fifty years later seeds of 
five species remained alive and showed the following percentages of ger- 
mination: yellow dock (Rinnex empns) , 52 per cent; evening primrose 
(Oenethera biennis), 38 per cent; moth mullein (Verbascuin blattaria) , 
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62 per cent; black mustard [Brassica nigra) ^ 8 jier cent; and water 

smartweerl {Polygonum hydropiper), 4 per cent (Darlington, 1931). The 

70-year juM’iod for this experiment is now j)ast and the results in 1950 

showed that seeds of three species {Oenethera biennis, Rumex crispns, and 

^ eibascum blattarin) were still viable. The germination percentage of the 

Verbascuni seeds was still liigh, 72 j)er cent, while the percentages for the 

seeds of Rumex and Oenethera were 8 and 14, respectivelv (Dai’linacoh 
1951). ‘ ^ 

Similar lesults were obtained from the buricfl seed experiment of Duvel 

vhich uas terminated in 1945. In this exj^eriment seeds of sixteen species 

were still capable of gennination and growth after aixnit 40 years. (Toole 
and Brown, 1946). 

Methods of Detecting Seed Viability. — It is often imj)ortant to know 
vhethei' seeds are mc'rely rloiinant and caj)able of germination under 
suitable conditions or whether they are deafl. Since dormancy may l^e 
prolonged and since the causes of dormancy are sometimes difficult to 
ascertain, the existence of some reliable method of measuring the viability 
of seeds is liighly desirable. Thix'e of tin' many methods proi')Osed liave 
leceived considerable expeiimental study: (1 ) the behavior of excised em- 
bryos, (2) the use of certain dyes, ainl (3) the acti\'ity of specific enzyme 
systems. Of these? the first two seem more re]ial)Ie intlices of viability than 
the last namefl. Enzyme acti\*ity is not closely correlated with seed vi- 
ability in all species and cannot be used successfully as a general method 
to distinguish between living and nonliving seerls (Porter, 1947). 

The excised embryo test is based uj)on the beliavior of embryos when 
removed from the surrounding tissues of the seed. If carefully separated 
from the seed and placed uj)on moist filter paper at room temperature, 
embryos of viable seeds will show various types of growth behavior, 
whereas nonviable embryos deteriorate rapidly. This method of deter- 
mining the germinating capacity of seeds seems widely applicable and 
has a high reliability (Flemion, 1938). 

Methods involving dyes are of two kinds. One depends upon the im- 
permeability of living cells to certain stains which readily enter and stain 
dead tissues. The second method depends upon the reduction by living 
cells of certain colorless compounds which are strongly colored in their 
reduced states. With this method the living cells become strongly colored 
and the nonliving tissues remain unstained. This method has in general 
proved to be more satisfactory than the use of dyes which enter and 
stain only the dead tissue. The two compounds most widely used are 
2,3-diphenyl-5-methyl-tetrazoIium chloride and 2,3,5-triphenyl-tetrazo- 
lium chloride. The latter is commonly preferred to the former. Dilute 
solutions of these salts (0.05-2.0 per cent) are used as solutions in which 
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sections of the seeds are soaked for several hours. The embryos of living 
seeds become stained a deep red or orange while dead embryos remain un- 
stained. The tetrazolium methods are highly successful with many species 
of seeds, especially so with seeds of the grasses (maize, wheat etc.) , but 
must be used with caution with some seed species (Porter et al., 19 , 
Flemion and Poole, 1948; Bennett and Loomis, 1949). 

Methods of Prolonging Seed Viability. 

loose their capacity to germinate if stored in an unfavorable environment. 

The critical factors in determining the viable period of most seeds are 
moisture and temperature, although tlie oxygen and carbon dioxide con- 
tent of the surrounding atmosiihere are also of importance n 
seeds remain viable for longer periods of time at lo\\ tempera ures 
than at room temperature, and low relative humidities y more 

favorable for prolonging the life of seeds than high ones. ^ ei ler ac o 

can be considered independently of the other, ho\^e\er, m ^ 

of one commonly depends upon the magnitude of tie ^ 

1949). Marked fluctuations of temperature or relative humidity in storage 

rooms are not conducive to prolonging the viability o see s. ' ^ ^ 

the packaging of vegetable or flower seeds in papei cn\e opes v en 
played for sale frequently exposes the seeds to variations in temperature 
and humidity which shorten significantly the period in which good ger- 


mination can be obtained. . , . , 

Longevity of many seeds seems correlated with respiration ra es o 

embryo, and it is for this reason that low temperatures and low seed mois- 
ture content are usually essential if viability is to be maintained for long 
periods of time. There are exceptions to this general rule, citrus seeds and 
coffee seeds, for example, remaining alive longest in a humid atmosp lere 
(Porter, 1949). It is nevertheless generally true that environmental condi- 
tions which reduce the rate of respiration in seeds are also con itions 

which are most favorable for seed storage. 

In addition to the environmental factors just discussed a num er o 
inteimal factors are known to influence the longevity of seeds in storage. 
The stage of maturity at the time the seed is harvested ^ the moisture 
content of the seed when placed in storage, and genetic factors all play 
a role, sometimes a decisive role, in determining the viability of the 
seeds. These factors vary so widely in different species of seeds that any 
general statement of their relative importance would be difficult or im- 
possible. 

Dormancy of Buds. — Lateral and terminal buds ordinarily develop on 
the newly elongated shoots of temperate zone woody plants during the 
spring and early summer months. Such buds are not commonly in the 
dormant state during this period. Defoliation of the tree or shrub from 
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any cause, for example, often results in the development of new shoots 
from buds formed during the current season. By the time of, or some- 
what prior to, leaf-fall, however, such buds have passed into a state of 
dormancy. In nature dormancy of buds borne on woody stems is broken 
by exposure to relatively low winter temperatures. The length of time 
for which such buds retain their dormancy, however, differs considerably 
according to species. 

Howard (1910) made a comprehensive study of bud dormancy in a 
large number of species of woody plants, some of American, some of 
European, and some of Asiatic, origin. This investigation was conducted 
in Missouri, Of 234 species collected, buds of 125 species developed when 
branches were brought into a greenhouse between October 28 and No- 
vember 4. Most of these were European or Asiatic species. In other words, 
the buds of more than half of the species experimented with were no 
longer in a dormant state on this date. A second collection of branches 
from 283 species was brought into the greenhouse on January 8-10. Of 
these, buds developed on 244 species. On February 23 a third collection 
of 63 species was made composed largely of kinds on which the buds 
failed to develop in the preceding two tests. On this date buds developed 
on all but five of the species collected. The results of this study indicate 
that the buds of some woody species retain their dormancy much longer 
into the fall or winter than others and that the buds of many such species 
are in a quiescent rather than a dormant state during much of the winter. 

Dormancy of buds is sometimes a result of correlative effects, many 
of which probably have a hormonal mechanism. A familiar example is 
the phenomenon of apical dominance in which lateral buds remain dor- 
mant as long as the terminal growing region remains intact, but usually 
resume growth upon its injury or removal. 

Likewise the buds of many kinds of tubers, rhizomes, corms, and bulbs 
often remain dormant for periods of greater or less duration while envi- 
ronmental conditions are favorable for their development. 

Methods of Breaking the Dormancy of Buds. — As the previous discussion 
has shown the buds on many species of woody plants remain dormant 
through the autumn and at least the forepart of the winter. This dormancy 
is not caused by low temperatures, because it is also exhibited by such 
species when kept in a greenhouse where the temperature is continuously 
maintained at levels typical of midsummer weather. The dormant condi- 
tion often persists as long as the temperatures are high but may be broken 
by subjecting the plants to temperatures near the freezing point (Coville, 
1920) . The buds of some species such as peach will begin to grow if en- 
vironmental conditions are favorable, after only a few days of chilling) 
but the buds of other kinds of plants such as the blueberry (Vaccinium 
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conjmbosiim) fail to grow well unlass expos'd to tcmpcnituros near tlie 
freezing point for several weeks. Covillc demonstrated that the effect of 
the low temperatures is restricted to the tissues exposed. When single 
t)ranches are chilled while the rest of the plant is kcjff warm, only the 
huds on the chilled hrancli are able to grow, all of the others remaining 

dormant (Fig. 

Pearly in the- twontioth century .Iohann>en dix-ove-red that dormant 
Imds of many kinds of plants will l>egin to grow after being exposed to 
vapors of ether or chloroform for a day or two. J he interval of time l>e 



Fig. 170. Breaking dormancy of buds of blueberry by low temperatures. The 
branch on the right was exposed to low temperatures by allowing it to project 
through a small hole in a greenhouse during the winter. The branch on the left 
remained within the greenhouse. Figure shows appearance of the plant on April 

18. Photograph from Coville (1920). 
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uocn Hie ether treatineiit aini Ilia heginiiing of growth differs widely 

with the tune of the year at wliieli the vajior is applied. In late summer 

or early fall, several week.s may elap.<e between the exposure to ether 

va))or and the aetive growth of the buds. Late in the winter, however, 
tiic iiittT'v ul is sii(>i‘t C'lHM 1 to ii (lay or twcj, 

More reeently a imniher of other ehi'mieal treatments have been dis- 
eowred that are suceessfni in bnaking the <lormaney of buds. Denny. 
(iy2()l fonn.l th.at dnrmant potato tubers sprouted freelv when exposed to 



Fto. 171. Effect of ethylene dichlorid in breaking dormancy of lilac bud.s. Plant 
on ri^ht received no treatment. Plant on left exposed 48 hr. to ethylene- dichlo- 
rid, 2.5 cc. of liquid per 100 liters of space on December 10. Both plan s kept in 
greenhouse and photographed early in January. Photograph from Denny and 

Stanton (1928). 


ethylene clilorhydrin vapor. Sodium and potassium thiocyanate, thiourea, 
diehloroethylene, carbon bisulfide, xylol, ethyl bromide, and a number of 
other compounds were also effective. Vapors of ethylene clilorhydrin so 
hastened the growth of tubers of the Irish cobbler variety that vines 
2 feet high bearing young tubers 1 cm. in diameter grew from the treated 
tubers before the sjirouts of the untreated tubers appeared above the sur- 
face of the ground. Solutions of sodium and potassium thiocyanate gave 
almost equally striking results. Thiourea solutions differed somewhat from 
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the other compounds used in that they overcame tlu' inhibiting eftect of 
the terminal hud upon the growth of lateral huds and caused the develop- 
ment of several shoots from each eye on the tuber. 

Combinations of two or more compounds, each effecti^e in o\ei coming 
the dormancy of buds in potato tubers, will give i)otter re>ult> than aio 
single treatment (Denny, 1945a). A mixture of ethylene chlorliydrin. 
ethylene, and carbon tetrachloi'i<le was more effectiAC in bieaking the 
dormancy of potato tubers than th(; sum of the efl('cts of each compound 
used separately. These so-called ‘‘synergistic etYects cUre attiibuted to 
the increased penetration of the compounds as a result of changes in 
cellular permeability induced by one c('mponcnt of the mixtuK'. 

The vapois of ethylene chlorliydrin and ethylene dichloride also induce 
the growth of dormant buds of lilac iSyrjngn vulgari.^) , flo^^eling almond 
iPrunvs triloba), and some other species of woody plants (Fig. 171). The 
effect of the vapors was so restricted that when one of two ))aired buds 
of a lilac was exposed to the vapor, growth occurred only in the treated 
bud. The untreated hud remained as full}’’ dormant as other buds more 
distant from the treated area. Apparently the factors causing the dor- 
mancy of the buds of these plants reside within the buds themselves and 


not in the adjacent tissues. 

The dormancy of the buds of fruit trees is usually broken in nature by 
the low temperatures of the winter months. It is not uncommon, however, 
for entire winters to pass in southern United States without sufficit'nt 
cold weather to interrupt the dormancy of buds of fniit trees. hen this 
liappens flowering is irregular anrl uncertain and yields of fruit snfti'r 
correspondingly. The discovery of some method of breaking the doi'inancy 
of fiaiit trees is a matter of great practical importance, and the prolilein 
has been given much study. The dormancy of the buds of some fruit and 
nut trees can be broken bv the use of certain chemical compounds sprayed 
upon the trees during the dormant periotl, but results are not equally 
successful with ditYerent species (Avery and Johnson, 1947). Methods of 
treatment have not been sufficiently well developed as yet to warrant their 


extensive use in commercial orchards. 

Methods of Prolonging Dormoncy of Buds.- — Often it becomes important 
to prolong, rather than to shorten, the dormancy of buds. The warm 
weather of an early spring may cause the buds to open before danger 
from frost is past. Under such conditions a severe frost can cause enor- 
mous damage. The prolongation of dormancy of buds of nursery stock 
held in storage or prepared for shipment is also very desirable. Dormancy 
of buds may be prolonged by spraying with certain chemical comj)ounds 
- some of the growth regulators being particularly effective in this re- 
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^pect. The results of experimental studies of orchard grown fruit trees 
have not always been consistent, but greater success has been obtained 
in the treatment of nursery stock (Avery and Johnson, 1947). 

Probably the most complete aiul satisfactory control of dormancy 
through the use of chemical agents is that obtained over the buds of 
potato tubers. The sprouting of potato tubers in storage may be prevented 
almost completely by treatment with certain growth regulators. The 
methyl ester of naphthalene acetic aci{| is now widely used for this pur- 
pose. A\ hen shredded paper impregnated with small amounts of this ester 
is scattered among potato tubers in a storage bin, sprouting of the buds 
is inhibited. The tubers remain completely dormant and are firm and 
sounfl after overwinter storage (Denny, 1945b). The dormancy induced 

in this way may be interrupted at any time by the treatments described 
earlier in this chanter. 
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GROWTH PERIODICITY 


The growth of a plant or plant organ never procccrls steadily hour 
after hour or day after day, hut is suljject to more or less regularly re- 
curring. often rhythmical, daily and seasonal variations in rate. Seasonal 
variations in growth phenomena iiu'oh'e qualitative as well as quantita- 
tive differences in development during different stages of the growth cytde. 
Most plants, for example, produce flowers only at certain stages in their 
life history and either grow only vegetatively or not at all at otlier times. 
The more ol)vious examples of growth periodicity often correlate very 
closely with cyclical daily or seasonal variations in environmental con- 
ditions, but internal factors also play an important role in many periodic 
growth phenomena. 

Daily Periodicity of Growth. — All actively growing plant organs char- 
acteristically exhibit a daily periodicity in growth rate. A number of 
studies have been made of daily variations in the rate of increase in the 
length of stems, the areal expansion or elongation of young leaves, and 
the diameters of growing fruits. Such measurements reveal that marked 
differences in the growth rates at different times of the day are of com- 
mon occurrence in plants. 

Cyclical variations in the rate of elongation of plant organs during the 
course of a day can be interpreted in terms of the principle of limiting 
factors. During the progress of the day first one factor and then another 
IS limiting. The rate of growth at any particular moment will be largely 
imited by the factor in relative minimum at that time. The three prin- 
cipal environmental factors influencing the daily periodicity in the rate 

of elongation of plant organs are temperature, the internal water rela- 
tions of the plant, and light. 

As an example of the daily periodicity of growth the results of Thut 
and Loomis (1944) on growth (elongation) of the leaves plus stem axis 
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of maize plants growing under field conditions in Iowa will be considered 
(Fig. 172). Similar results were obtained with several other herbaceous 
species. In general, rate of elongation was most closely correlated with 
temperature. Growth during the daylight hours was therefore usually 
greater than during the night hours, and growth during warm nights was 
greater than during cool nights whenever the internal water supply of 
the plants was not seriously deficient. Excessive temperatures (above 
about 35°C.), however, apparently had a retarding effect on growth. 



Fig. 172. Daily cycle of growth in height of two corn plants; one shaded, the 
other not, in relation to the daily cycle of light intensity. The plant which was 
shaded the first day was fully exposed to light the second, and vice versa. Data 

of Thut and Loomis (1044). 


Moderate internal water deficits reduced growth rates during the midday 
hours. Hence a double peak in growth rate, with one maximum in t e 
early morning and the other in the evening, was common. Only when 
internal water deficits became relatively severe did the greatest growt 
occur at night. No evidence was found of a direct inhibiting effect o 

light on growth. 

Numerous patterns of daily growth periodicity may occur in p an s 
depending upon the particular cyclical combination of environmental an 
internal factors which prevail. Maximum growth (elongation or enlarge- 
ment) rates may take place at different times of the night, at mi ay, 
in the early morning, in the late afternoon, or in the early evening. Ex- 
amples of conditions under which several of these different patterns o 
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growth periodicity occur are given in the preceding paragraph. In some 
species, including maize (Loomis, 1934), even transit of a cloud across 
the sun permits a temporary acceleration in growth rate. Under some 
conditions internal factors such as the supply of foods may play a deter- 
mining role in shaping the daily periodicity of growth. 

The preceding discussion has dealt with the influence on growth of 
variations in temperature and internal-water deficit within ordinary 
limits. In addition, it should be recognized that excessive internal-water 
deficits, such as are engendered by drought conditions, or extremes of 

temperature, either high or low, may lead to a complete cessation of 
growth. 

The factor of light must also be considered in relation to the phe- 
nomenon of growth periodicity. Although light is known to have direct 
effects on growth (Chap. XXIX) , in plants growing under field conditions 
these appear to be relatively unimportant in comi)arison with its indirect 
effects. The influence of light on growth is exerted principally through 
its effects on the temperature of plant organs, rates of transpiration, and 
rates of photosynthesis. Plants exposed to intense light usually develop 
more severe internal water deficits than similar plants growing in the 
shade, because of the usually enhancing effect of light upon temperature 
and upon the rate of transpiration. Growth is slackened as a result of 
the greater water deficit within the plant. Low light intensities, on the 
other hand, may exert a retarding effect on growth because of a diminu- 
tion in the total photosynthesis accomplished by the plant. 

Measurements of the rate of growth (elongation or enlargement) of 
plant organs are sometimes complicated by the fact that there may be 
present in the organ mature cells which undergo reversible shifts in turgor 
and volume with changes in the intensity of the internal-water deficit 
in the plant. The effect of shifts in the turgidity of cells on apparent 
rates of growth is well illustrated by the results of Wilson (1948). When 
growth in length of entire tomato stems was measured, elongation during 
the night apparently exceeded elongation during the daylight hours. 
Elongation of the meristematic stem tip (above the first node), however, 
was approximately the same for both day and night periods. Growth of 
such meristems continues even when a considerable internal-water deficit 
exists in the plant (Chap. XV). During the day smaller than actual rates 
or the entire stem were recorded, because grovi^h in length at the meri- 
stem was partially offset by shrinkage in volume of cells in older parts 
0 the stem. During the night greater than actual growth rates for the 
entire stem were recorded, since, in addition to growth in length at the 
menstem, there was an increase in the volume of cells in older parts of 

e stem. Similar effects of reversible changes in cell turgidity on the ap- 
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parent growth of cotton bolls (Fig. 78) and other fruits (Chap. XV) 
have been recorded. 

Seasonal Periodicity of Vegetative Growth. — ^All plants exhibit more or 
less clearly marked seasonal variations in the rate of vegetative growth. 
In temperate regions the periodic resumption of grovi^h by woody peren- 
nials every spring is one of the most spectacular biological accompani- 
ments of the march of the seasons. This topic will be discussed almost 
entirely in terms of such woody plants. 

Tlie seasonal periodicity of vegetative growth of any species^ like the 
daily i)eriodicity, is conditioned by both environmental and internal 
factors. Among the former, water and temperature are especially impor- 
tant. Some of the internal conditions which arc known to play a signifi- 
cant part in such phenomena are the genetic constitution of the species, 
dormancy, correlative effects among organs, and the internal water rela- 
tions. One of tlie most striking features of the seasonal growth of trees 
is its relative independence of fluctuations in the environmental factors. 
Trees growing in dry habitats may exhibit growth patterns very similar 



Fig. 173. Growth in height of several species of tree seedlings in rel.ntion 

season. Data of Kramer (1943). 
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to trees of the same species growing near by in locations where soil mois- 
ture is adequate (Avery et aL, 1940). Although growth may be checked 
by low temperatures many tree species initiate their growth in the spring 
before the close of the frost season, and elongation of shoots ceases long 
before the onset of frosts in the fall and winter (Kramer, 1943). Similarly 
cambial activity of many coniferous and deciduous species decreases 
markedly long before environmental conditions become unfavorable 
(Daubenmire and Deters, 1947). The evidence clearly suggests that the 
seasonal growth patterns of many woody species arc determined basically 
by the organism itself rather than by the vagaries of the environment. 

The characteristic seasonal patterns of stem elongation in several tree 
species are illustrated in Fig. 173. Growth begins slowly with the appear- 
ance of the warmer days of early spring, accelerates rapidly during spring 
and early summer, and levels off by late summer or early fall. The shape 
of the growth curve cannot be correlated with environmental factors, nor 
IS it appreciably modified by variations in rainfall unless these are ex- 
ceptionally prolonged and severe. 

In many species of woody plants buds rio not ordinarily develop into 
shoots or flow'crs during the season in which they develop but remain in 
a dormant state. The length of time that buds remain dormant varies 
greatly according to the species (Chap. XXXIV). Some lose their dor- 
mancy early in autumn, others retain it until late in the winter. The buds 
of temperate zone woody plants seldom open as soon as they lose their 
dormancy but remain in a quiescent state until the favorable environ- 
mental conditions of spring. Low temperature is probably the principal 
factor preventing the development of quiescent buds in late winter and 
early spring, although a deficient water supply may also be involved, at 
least in some species. Photoperiodic and thermoperiodic effects may also 
play a part in the vernal lesumption of vegetative growth by plants. 

The development of new shoots from the buds on woody stems in the 
spring IS not always a continuous process. In species such as cherries and 
willows which “leaf out” relatively early, the growth process is often 
intermittent. During this season periods of warm weather often alternate 
with colder spells. Hence elongation of the developing shoots may take 
P ace in a series of short spurts, each terminated upon the advent of un- 
ayorably cool weather. Apical growth is' much more likely to proceed 
uninterruptedly in species such as beech and the hickories in which it is 
ini lated later in the spring. Under favorable conditions practically all 
s em elongation and development of the new crop of leaves may occur 
m such species during a growth period lasting only two or three weeks. 

ermination of the spring burst of growth in such species, like that of 
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the coniferous species described earlier, is evidently a result of internal 
causes, since environmental conditions usually remain favorable for 
growth during much or all of the summer. 

The stems of some ligneous species (sumac, dogwood, ailanthus, etc.) 
do not grow in the definite manner described above, but continue to elon- 
gate, producing leaf after leaf, for most or all of the summer, quiescent 
intermissions occurring only when environmental conditions are unfavor- 
able. In some such species growth is not terminated until the advent of 
frost. 

Under some conditions the buds on woody stems open the same season 
they are formed. This is a commoner occurrence in some species than in 
others and is more likely to happen on young trees or shrubs than on old 
ones. Defoliation of a tree relatively early in the season as a result of 
disease, insect ravages, late frost, or any other cause usually results in a 
resumption of growth from buds developed during the current season. 
During wet summers development of the current crop of buds into shoots 
occurs frequently in many species of woody plants. Among the oaks, 
especially when young, the development of two or even more successive 
shoots during a growing season is a common occurrence. When the ter- 
minal bud on the stem of an oak resumes growth during the season it is 
formed, lateral buds on that same segment also usually resume growth 
and develop into side branches. In the willow oak (Qnercus phellos) three 
or even more prolongations of the same woody axis may take place dur- 
ing a single growing season. Almost always, however, when buds of the 
current crop on woody stems resume growth, there is a short dormant 
period between the time formation of the bud is completed and the time 
its active growth is resumed. 

Cambial growth in trees commonly begins near the opening buds and 
moves basipetally toward the roots (Chap. XXXIII). Weeks may elapse 
between the initiation of cambial activity in the young twigs and the 
resumption of cambium growdh in the oldest region of the tree. Secondary 
thickening of the stems of most woody species generally continues later 
in the summer than elongation of the current shoots, although usually at 
a diminishing rate. Cambial activity usually ceases in the young twigs 
by midsummer but may continue until late summer or early fall in the 
older stems and sometimes until wdnter in the roots. 

Less is known regarding the seasonal periodicity of the growth of roots 
than of the aerial organs of plants. The existence of an inherent dormancy 
in roots appears to be uncommon. Seasonal periodicity of root growth is 
probably largely controlled by environmental conditions. In colder cli- 
mates little or no root growth occurs during the winter months. No growth 
of white pine roots, for example, took place in New England between the 
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middle of Noveinhcr and the first of April (Stevens, 1931). In milder 
climates elongation of roots throiigli tlie winter months occurs in at least 
some species. Harris (192G), for example, records continued growth of 
apple and filbert roots in Oregon during the winter months. 

Cyclical Periodicity of Vegetative and Reproductive Growth.— The ex- 
amples of seasonal periodicity which have already l)een described involve 
principally variations in growth rates. Growth periodicity is expressed 
not only in terms of seasonal variations in the quantitative aspects of 
growth, but also in the development of certain organs at one stage in the 
life cycle and other organs at another stage. The most prominent peri- 
odicity in the qualitative aspects of plant growth is the cyclical develop- 
ment of vegetative and reproductive organs which is exhibited by most 
species of plants. 

The seasonal periodicity of all annual species is similar and involves 
in sequence: (1) seed germination, (2) vegetative development, (3) flow- 
ering and fruiting, usually accompanied, at least during the later stages, 
by slowly diminishing vegetative growth, (4) senescence, and (5) death 

of all organs except the seeds. All such species are perennial only by their 
seeds. 

The seasonal periodicity of annual species is by no means immutable, 
however, but can be altered in various ways. Removal of flowers or fruits 
or both often leads to an acceleration or renewal of vegetative growth 
(Chap. XXXIII). Similarly a change in the length of the photoperiod at 
the onset of senescence often causes a rejuvenation of vegetative growth. 

^ The cyclical development of vegetative and reproductive organs is 
similar in all biennial species. Plants of this type develop only vegeta- 
tively during their first growing season, forming underground organs 
which live over winter. In many biennials the leaves are cold resistant 
and survive the colder months of the year without injury. During their 
second growing season vegetative development is often renew^ed, but be- 
fore long is largely or entirely superseded by reproductive growth. Death 
of the plant follows closely after the formation of seeds and finiits. As 
with annuals the usual life cycle of biennials can be modified by various 
circumstances. For example, many biennials become annuals when grow- 
ing in warmer or longer-season climates than those in ■which thev normally 
behave as biennials. 

A greater diversity of cyclical patterns of reproductive and vegetative 

cvelopment is found in perennial species than in those which live for 
only one or two growing seasons. The following discussion refers pri- 
manly to plants of temperate regions. In many woody perennials flowers 

^ c op in the spring before vegetative growth is resumed or concurrently 
Wit the early stages in the development of the new leaf-bearing shoots. 
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Examples of species which exhibit this type of periodicity include many 
fruit trees fpeacli, clicrry, apple, etc.) and many forest tree species (elms, 
maples, oaks, chestnut, cottonwood, etc.). In some woody species such as 
the mulberry, in which flowers develop from axillary meristems on the 
current season's shoot, blooming occurs at the height of the season of vege- 
tative growth. Flowers do not develop on many woody perennials until 
after the season’s vegetative growth is nearly or entirely completed. This 
is true (if many species which bear terminal inflorescences at the end of 
the current season’s shoots such as lilac, buckeye, and horse chestnut. 

As in A^■oody species. de\'elopment of flowers in herbaceous perennials 
may take place before vegetative growth occurs during the same growing 
season, concui'ixaitly with the rlevelopment of stems and leaves, or only 
toward tlie end of a j^eriotl of vegetative develojunent. The first of these 
types of growth jieriodicity, which is the least common, is found in ccilain 
s]>ring blooming sjiecies. The second is also characteristic of many spring 
blooming herbaceous plants but is by no means confined to such species. 


The tliird typ(' of growth periodicity 
mer atvl fall blooming species and is 


is especially common among sum- 
characteristic of all sjiecies which 


pi’oduce t('rniinal inflc.)i‘<"scences on foliag(*-b('aring stems. 

Abscission. — Ta'af-fall. particuhn’ly as it occurs fi'om the stems of decid- 
uous trees and shiubs in the autumn, is a distinctive ]')henomenon of 


j'teriodic occurrence in plants. The abscifision of leaves occurs at their 
point of attachment to tlie stem. The phenomenon of leaf abscission is 
especiallv characteristic of woody dicotyledons but also occurs in some 
herbaceous sp('cies such as coleus, begonia, and fuchsia. In most herba- 
ceous species, lutwever, the leaves are retained even after they die, and 
only disapi^ear by decay or by mechanical disruption from the plant. In 
many herbaceous species most or all of the leaves are retained until after 


the death of the entire shoot system. 

The abscission of leaves is associated with the so-called “abscission 
layer.” The abscission layer is made up of one or more layers of cells that 
undergo transverse division in a zone extending across the petiole near 
its base (Fig. 174). This zone of cells is often formed in the petiole before 
the leaf has reached its full size. The name “abscission layer” (absciss 
layer, abscission zone) has been applied to this region of the petiole be- 
cause the separation of the cells of the petiole at the time of leaf-fal 
occurs between the cells of this zone. Separation of the cells of the 
abscission layer results from the dissolution of the middle lamella an 
sometimes also the cellulose wall of these parenchymatous cells. 
separation of the cells of the abscission layer the petiole remains attached 
only by the vascular elements. These soon snap off under the 
gravity or the pressure of the wind, and the leaf falls from the plant. e 
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fractured elements of the vascular bundle usually become plugged with 
gums or tyloses. 

Although the mechanism of abscission has never been clearly under- 
stood, it has been widely assumed that the abscission layer had a role of 
importance in the phenomenon of leaf-fall. There are at least three lines 
of evidence, however, which cast some doubt uj^on the validity of this 
assumption (Gawadi and Avery, 1950): (1) abscission occurs readily in 
species where no abscission layer 
is present; (2) abscission may not 
occur in species where abscission 
layers are present; (3) leaves of 
species in which an abscission 
layer usually develops can be in- 
duced to abscise before the abscis- 
sion layer is formed. It is possible 
that the abscission layer may be 
of greater importance in the for- 
mation of the cork layer which 
covers the leaf scar after leaf-fail 
than in bringing about abscission 
itself. AVhatever may be the role 
of the abscission layer it is, when 
present, invariably the site of the 
separation of the leaf from the 
stem at the time of leaf-fail. 

In species in which abscission 
occurs it may be brought about 
by altering the environmental 
conditions under which the plant 
is growing. Abscission of leaves, 
for example, is known to result 
from: (1) a water deficit in the 
plant usually developed as a re- 
sult of drought conditions, (2) 
low temperatures, (3) reduced light intensity, and (4) change in the 
length of the photoperiod. Abscission also may be induced by destroying 
or removing all or most of the leaf blade, by dusting the leaves with 
ammonium thiocyanide, or exposing the leaves to certain gases such as 
ethylene or the vapors of ethylene chlorhydrin or carbon tetrachloride. 

The abscission of leaves can be delayed or inhibited by the application 
of certain growth regulators to the leaf blade or to the surface of a de- 
bladed petiole (LaRue, 1935; Myers, 1940; Gardner and Cooper, 1943; 
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Fig. 174. Abscission layer at the base 
of the petiole of a leaf of coleus (Coleus 
blumei) as shown in vertical section. 
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fiawadi and Avery, 1950). Naphthaleneacetic acid and indoleacetic acid 
arc ainonp; the more effective growth regulators in checking abscission. 
\\ hen a]>plied before the development of the abscission layer the growth 
I’egiilators delay or inhibit its formation. The effectiveness of growth 
regulators in checking abscission suggests that leaf-fall is another of the 
many pliysiological processes controlled by hormones. It is quite possible 
that abscission of leaves is retarded by the migration of a hormone from 
the blad(' to th<‘ base of tlie j)etiole. Destruction or removal of the blade 
eliminates the supj^ly of this substance to the abscission zone and hence 
induces leaf-fall. 

T.eaves, however, are not the only organs or parts of plants which ab- 
scise. In compound leaves the individual leaflets usually drop off one by 
one. leaving the i>etioles attached to the otherwise defoliated plant. Usu- 
ally abscission of the petioles follows within a relatively short time. Simi- 
larly bud scales, inflorescences, petals, and fruits may be detached from 
the part'nt plant by abscission. Segments of the woody stems of some 
si)ecies also abscise. In many si)ecies of woody plants (examples are elm, 

. ^ * linden) abscission of the leafy stem tips occurs at the ter- 

mination of the spring growing period. In such species elongation of the 
stem continues the next season from the lateral bud just below the point 
of abscission, such lateral buds functioning essentially as terminal buds. 
?vlany species of conifers bear their needle-like leaves in fascicles, each 
fascicle being attached to a dwarf branch. In the pines and other such 
specie's leaves are shed in bundles by the abscission of the dwarf branches 
rather tlian by detachment of the individual needles. In certain other 
woody species (oaks, cottonwood) segments of woody stems of consider- 
able age anel diameter are often slied by abscission. In bald cypress and 
coast redwood individual leaves do not fall from the tree, but branches 
bearing numerous leaves abscise. 

The phenomenon of the abscission of fruits presents certain practical 
problems to the horticulturist. If apple fruits, for example, drop from the 
tree before they can be picked, their quality is greatly impaired. The fact 
that the application of certain auxins and auxin-like compounds to leaves 
delays their abscission suggested that they would have a similar effect on 
fruits. Gardner et al. (1940) showed that spraying of apples just before 
harvest appreciably delayed the natural fall of the fruits. Naphthalene- 
acetic acid and naphthalene acetamide are two growth regulators that 
have proved especially effective when used for this purpose. Postpone- 
ment of fruit abscission as a result of such treatments is commonly a 
week and sometimes longer. The length of time for which abscission is 
delayed differs considerably with the variety of apple and with the pre- 
vailing environmental conditions. Postponement of fruit-fall allows a 
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longer period for picking and often permits the fruits to ripen to a higher 
quality on the tree before picking. It is possible that similar treatments 
may also prove feasible in delaying abscission of other horticultural fruits. 
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XXXVI 

PLANT MOVEMENTS 




The wide variety of inovenients which occur in the organs of the higher 
plants usually escape notice because of the slc)wness with which they take 
piace. By employing tiie technique of motion picture jdiotography, how- 
ever, it is possi!)le to d<*monstrate the movements of ])lant organs in a 
spectacular manner. If a growing plant is photograplied at regular and 
frequent intervals for a period of several weeks with a motion picture 
camera and tlie resulting film run througli a projecting machine, all the 
movements which occurred during several weeks of growth take place 
within a period of a few minutes. In this way the vigor and reality of the 
autonomous mo\'ements of lea^*(^s and stems can be demonstrated in a 
striking manner. The large leaves of tobacco jilants, for example, appear 


to rise and fall almost like the wings of a bird in flight. Likewise the stem 
tip is seen to participate in more or less regular spiral movements, and the 
several types of movements associated with the expansion of young leaves 
are vividly jiortrayed. The mo\'ements that occur during tlu* opening of 
flower and leaf biuls can also be demonstrated by this teclinifiue. Anyone 
who has seen sncli pictures cannot fail to be im)>ress('d with the many 
kinrls of movements which occur in the aerial organs of plant.s and with 
the magnitude of such mo\H luents. 

Classification of Plant Movements. — IMost of tlu* UKA'ements exhibited 
by the organs of the higluu* j)iants may be classiflcfl as; fl) growth move- 
ments, (2) tiirgoi' mo\’ements, and ('?> hydration inovcinents. 

1. (jlroirth M oi'ements. — rji'owtii movements ar(‘ changes in the fiosition 
of organs resulting from an enlargement of cells, or fnnn an increase m 
the number cells, or both. Curvature.s or other change's in position re- 
sult from growth movements when the increase in size or numlier of cells 
is not uniform at all points in the region undergoing growth. Orowth 
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movements are usually divided into three suh-groups: (1) tropic (or 
trnpis^^ movements, (2) nastic movements, and (3l nutations. 

movements are those which occur und(*r the influence of envi- 
ronmental factors that act with a greater intensity from one direction 
than from another. The direction of the curvatures resulting from such 
movements often hears a relation to the dirc'ction from which the initiat- 
ing factor acts with greatest intensity. Tlie curvatures of growing stems 
and roots induced by differences in the intensity or quality of incident 
light {'phototro'inc curvatures I and tiiose resulting under the influence of 
gravity igeotropic curvatures) are the most familiar tro])ic movements, 
f^imilarly changes in the position of organs which are evokerl by differ- 
ences in the water content of the soil, by physical contact, and by s]>ccific 
chemical compotinds arc known as hj/drotropic, thigmofropir , and fhenw- 
tropic movements, respectively. The mo\ ement is considen d to be positive 
when the organ bends toward the direction from which the factor is acting 

and n^a^U’c wlien it is in the opposite direction. 

movements are tliose that occur in plant organs when tlie initiat- 
ing factor affects all i)arts of the growing organ uniformly, or when the 
initiating factor, altlmugh acting entirely or principally from one direc- 
tion, evokes a reaction which occurs in the same manner and in the same 
direction regardless of the direction from which the factor acts. The 
growth movements of very young leaves, bud scales, and Hower petals are 
examples of nastic movements. At first the morphologically lower side of 
these structures grows more rapidly than the upper side so that they are 
bent upward and enclose the stem tip. This more rapid growth of the 
lower side is known as hyponasty {hypo = lower). The opening of the 
bud is brought about by a more rapid growth of the morphologically 
upper side of these structures, a phenomenon known as epinasty (epi = 
upper). 


Although the main stem of most herbaceous plants appears to grow 
straight upward careful measurements demonstrate that the stem tip 
actually traces an irregular spiral pathway in space as it elongates. This 
approximately spiral movement of growing stem tips is known as nwta- 
tion. Nutation results from unequal rates of growth in different vertical 
segments around the stem axis and often seems to occur independently 
environmental factors. The term “nutation” is sometimes used to in- 
clude all movements which result from unequal rates of growth. In this 
book, however, the term will be used only in the more limited sense just 

specified. 

2. Turgor Movements . — Movements of plant organs caused by revers- 
ible changes in cell volume are known as turgor movements. Many of 
these movements are initiated in compact groups of relatively large, thin- 
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walled cells that constitute the so-called “motor organs” or pulvini, but 
they may also occur in any tissue that is largely composed of living, 
thin-walled cells. Examples of turgor movements associated with pulvini 
are the spectacular reactions of the sensitive plant (Mimosa pxidica) to 
slight shocks or other “stimuli,” and the so-called “sleep” movements of 
tlic leaves and leaflets of many other legumes. The opening and closing 
of stomates and the movements of leaves caused by wilting and recovery 


illustrate turgor movements that are not associated v/ith pulvini. 

3. H ijdratxon Movements. — Movements may occur in nonliving plant 
tissuCvS or organs as a result of the hydration or dehydration of the cell 
walls. These movements are illustrated by the splitting of pods, the open- 
ing of ca[)sules, and the rapid movements of mature fern sporangia. Move- 
ments of these kinds are not caused by the physiological activities of 
living cells and will not be considered further in this discussion. 

Phototropism. — Phototropic curvatures are familiar to all close observers 
of ])lants. particularly conspicuous in plants growing in situa- 

tions in which they arc exposed to unequal illumination on opposite sides. 
Under such circumstances the growing steins usually bend toward the 
direction of the more intense light and the leaves also become definitely 
oriented with relation to the light source, regardless of the position of 
their attachment to the stem. AVhen vines such as the English hy (Hedera 
helix) are growing on a wall so that light strikes the plants mainly from 
one direction, the leaf blades occupy practically the entire exposed sur- 
face with a minimum of overlapping. The leaf blades appear to fit to- 
gether so exactly that the resulting patterns are known as “leaf mosaics^ 
Similar, although less accurately formed, “leaf mosaics” are present in 
most plants bearing large numbers of leaves. Anyone standing beneath a 
large maple or oak tree, for example, cannot fail to be impressed by the 
completeness with which the sky is obscured by the leaf pattemOThe 
leaves of some herbaceous plants (Lactuca, Silphmm, etc.) are often so 
oriented that the blade surfaces face the east and west and only the edge 
of the blade receives the full intensity of the midday sun. This orientation 
is so conspicuous that these plants are commonly known as “compass 
plants.” The leaf blades of the turkey oak (Querctis catesbei) also have 
a characteristic vertical orientation under conditions of intense sunlight. 


Still another kind of phototropic movement occurs in some species (ex- 
ample: Malva neglecta) in which the surface of the blade is continuously 
oriented at right angles to the incident radiation of the sun. Such leaves 
follow the sun during the day, facing east in the morning and west in the 
afternoon (Yin, 1938) .j Similar movements, although caused by a differ- 
ent mechanism, occur during the development of the flower heads of some 
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comiK)sites. The sunflower, for example, owes its name to the fart that 
the young flower head is oriented approximately at rigid angles to the 

suji’s rays throughout the day. 

( The growth iiahits of some species of jdants apparently are determined 
by their phototropic reaction. \ number of species, including Bermuda 
and some other grasses, which are prostrate under usual field conditions 
of high light intensity, grow upright in light of low mtensity. Mich 
species arc apparently negatively phototropic at high light intensities anc 
positively phototropic at low light intensities (Langham, 19411. 

Although many vines have numerous aerial roots^ in general the lOot 
systems of the higher plants grow in total tlarkncss. ^c\oi’thcless len 
exposed to unilateral illumination, many, but by no means all, lOots ex 
hibit phototropic curvatures. The usual reaction is negati\o, i.e., t le loot 
tip bends away from the direction of the incident light. 1 o>iti\c poo 

tropic curvatures of roots arc known but they are laie. 
me movements which bring the leaves and stems into the oriented posi- 
tions just described are caused either liy differences in tlu giou i latos 
on the illuminated and shaded portions of stems and petioles or by varia- 
tions in the turgor of cells in specific tissues. Most of the photoiiopic 
movements result from differences in growth rates. Tuigoi changes in 
cells of the petiole, hov/cver, are known to account for the movements ol 
those leaves which follow the path of the sun during the da>j. Although 
the “sleep movements" of many leaves and leaflets also are caused by 
turgor changes, these are photonastic (see later) lathti than p lo o uu le 

movements. 

"Most of our knowledge of the mechanism of phototropic movemen s 
has been derived from a study of the behavior of the coleoptilc of the oat 
plant {Aveim sativa) when subjected to one-sided illiiimnatiom) Because 
of its reactivity, its structural simplicity, its uniformity of IxluiMoi uiu ci 
similar conditions, and its general suitability for such woik, this struc 
ture has been widely used in experimental studies of phototroiusm, gco- 
tropism, and some other tropic movements (Chap. XX^ ITI). 

It has been known since the time of Darwin that curvature of a cole- 
optile will occur if only the extreme tip of the coleoptilc is cximsed to 
unilateral illuminaaon. The region in wliich the cell enlargement respon- 
sible for this curvature occurs, however, is some distance below t lo tip 
(Chap. XXVIII). If the tip of the coleoptilc is shaded by means of a 
tin-foil cap and the entire coleoptilc is illuminated unilateiall\ , little or 
no curvature results. Likewise, detipiied coleoptilcs react feebly to one- 
sided illumination, but if coleoptilc tips which have been subjected to 
one-sided illumination are placed upt)a unilluminatcd coleoptilc stumps, 
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marked ]>hototropic curvature of the stump results. Experiments like 
these indicate clearly that the tip of the coleoptile profoundly influences 
the enlargement phase of growth in cells below the tip of the coleoptile?^ 
J he J) 0 ^itive phototropic curvature of oat coleoptilcs is caused prin- 
cipally by greater elongation of the cells on the shaded side of the cole- 
oj)tile than ot the cells on the illuminated side. Since cell elongation is 
known to be influenced by the (piantity of auxin present, it is logical to 
seek an explanation of such phototroi)ic reactions by studying the effect 
of light upon the distribution of auxin in the coleoptilesJ^xtensive in- 
\'estigations have shown that, in oat coleoptiles at least, uniTateral expo- 
sure to light increases the quantity of the auxin 
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reaching the shaded side of the coleoptile from 
the tip and decreases the quantity on the illumi- 
nated side. The phototropic curvature of oat 
coleoi)tiles and presumably of many other plant 
structures apparently results from tlie presence 
of unequal quantities of auxin on the two sides 
of the coleoptile. ^ , 

The unequal distribution of auxin on the illu- 
minated and shaded sides of coleoptiles could 
arise in several different ways (Galston and 
Hand, 1949). It is possible, for example, that the 
auxin on the illuminated side is inactivated more 
or less completely by the incident radiation 
while that on the shaded side remains active. A 
second possibility is that auxin migrates from 
the illuminated to the shaded side when the 
coleoptile is exposed to light from one direction. 
Another possibility is that the synthesis of auxin 
from its precursor in the coleoptile tip is checked 
by exposure to light resulting in the synthesis of 


larger amounts of auxin in the shaded sides than in the illuminated por- 


tion. No one of these possibilities can account satisfactorily for all light- 
induced growth movements. It seems probable, however, that the unequal 
distribution of auxin in oat coleoptiles is caused mainly by the migration 
of auxin from the illuminated side of the coleoptile tip to the shaded side. 
Some of the evidence upon which this conclusion is based will be reviewed 


briefly. 

Went (1928) removed the tip of a coleoptile that had been exposed 
unilaterally to light of suitable intensity and placed it upon two small 
blocks of agar, separated from each other by a thin metal plate, in such 
a way that the auxin from the shaded and illuminated sides diffused into 
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different agar blocks (Fig. 175). I'lic blocks were then tested for auxin 
content by the oat coleoptile technicme. The resulting curvatures indi- 
cated that more auxin diffused out of the shaded half of the coleofjtile tif) 
than out of the illuminated half. Furthermore, tlic quantity of auxin from 
the shaded half was appreciably more than the amount from half of an 
unilluminated tip. Went concluded, therefore, that one-sided exposure to 
light had caused some of the auxin to migrate from the illuminated to the 

shaded side of the coleoptile. 

Boysen-Jensen (1928) came to a similar conclusion from a different 
kind of an experiments The tip of a coleoptile was split longitudinally, 
a thin glass plate was inserted between the split halves, and the colc- 
optile was exposed to unilateral illumination of suitable intensity. hen 
the glass plate was parallel to the light beam, normal phototroi‘)ic curva- 
tures occurred, but when the glass plate was at right angles to the direc- 
tion of tlie light very little curvature resulted. When at right angles to the 
light beam, the glass i)late apparently prevented the lateral migration of 
auxin from the lighted to the shaded side of the coleoptile so that the 
quantity of auxin was approximately the same on both sides. When the 
glass plate was parallel to the light beam, however, movemeid of auxin 
from the lighted side was not prevented. This experiment also indicates 
that under conditions of one-sided illumination, auxin, or its precur.‘^or, 
migrates from the illuminated to the shaded side of the oat coleoptile and 
that positive pliototropic curvature is correlated with the greater auxin 
content of the cells on the darker side of the coleoptile. 

^^^^Ithough the evidence supporting the hypothesis that auxin moves from 
the illuminated to the shaded side of the coleoptile when it is exposed to 
unilateral illumination is impressive, it has not been shown to be the only 
mechanism involved. It is probaljle that light-induced destruction of auxin 
also occurs. Riboflavin, which is abundant in the coleoptile, is known to 
bring about the photo-oxidation of auxin (Galston and Baker, 1949). The 
wave lengths of light absorbed by riboflavin arc the same as the wave 
lengths most effective in producing curvature of the coleoptile, a fact 
which further supports the assumption that photo-inactivation of auxin 
is a factor in producing phototropic response in this structure. / 

All wave lengths of the visible spectrum are not equally effective in 
inducing phototropic curvatures. The shorter wave lengths are most effec- 
tive, and the longer wave lengths at the red end of the spectrum evoke 
practically no phototropic reaction in etiolated oat coleoptilcs or seedlings 
(Fig. 176). Light cannot bring about phototropic curvatures unless ab- 
sorbed by the tissues. The effectiveness of the shorter wave lengths sug- 
gests the presence of some pigment in the sensitive tissues which absorbs 
these wave lengths and not others. The absorption spectrum of ^ carotene 
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(Fig, 91 ) corresponds very closely to the action spectrum of phototropic 
curvature in etiolated coleoptiles and seedlings. This correlation suggests 
that carotene is responsible for the absorjition of the light waves which 
are effective in inducing phototropic curvatures. It is also possible, how- 
ever, that rilioflavin, the absoriition spectrum of which closely approaches 

that of carotene, may lie tlie .sensitizing pigment (Galston and Baker, 
1949). 

In the early years of the present century Blaauw demonstrated that a 
certain minimum quantity of light was essemial for a perceptible photo- 
tropic curvature of an oat coleoiitile. Since quantity is a product of in- 
tcnsit\ and duration, low intensities are effective only upon long exposures 
but, with high intensities, extremely short exposures are sufficient^With a 



Fk;. 176. Hclation between wave lengtli of liglu ami phototropic curvature of 

oat coleoptiles. Data of Johiicton (1934). 


light intensity of only 0.00017 mcter-candles, an exposure of 43 hr. was 
required to induce phototropic curvature; but, with a light intensity of 
26,520 inetcr-candles, an exposure of only 0.001 sec. resulted in photo- 
tropic curvature. 

yThe minimum fpiantity of light retjuired for phototropic movement, the 
so-called “threshold value,” varies greatly with the portion of the cole- 
optile tip that is illuminated. The terminal 0.2 nim. of the cole^'ptile, for 
example, is nearly 6000 times as sensitive to illumination as a zone only 
3 mm. below the tip (Lange, 1927). / 

Experimental results of a number of investigators have shown that the 
degree of phototropic curvature is controlled by the quantity of unilateral 
light. The curvature is not directly proportional to the amount of light 
but varies periodically as the quantity of light is increased ^ig- 177). 
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in oat coleoptilcs commonly result in positive curvatures, but detipped 
coleoptiles usually fail to react to injury inflicted near the upper end. 
Incisions made near the base of decapitated coleoptiles may induce posi- 
tive curvatures, however. From tlie evidence available it seems probable 
that injuries influence either the distribution of auxin in the tissue (Keeble 
and Nelson, 1935) or interfere with the transport of foods or other sub- 
stances into the growinp^ regions from other parts of the plant, but no 
more detailed analysis of tlie mechanism of these reactions is possible in 
of currently available information. 

Nastic Movements.— The essential distinction between nastic and tropic 
movements has already been described. ith few exceptions, nastic move- 
ments are evoked by environmental factors such as temperature oi diffuse 
light which influence the organ with c(iual intensity from all directions, 
while tropic movements are induced by factors which act with greater 
intensity from one direction than others. Equal illumination of all parts 
of a plant organ, for example, may result in photonastic movement, caus- 
ing the organ to assume a different position in the light than in the dark. 
Phototropic movement of a i)lant organ occurs, howcA'cr, only vhen the 
organ is illuminated unequally from different directions, furthermore, 
nastic movements are chiefly restricted to organs such as leaves and petals, 
the structure of which largely or entirely prevents their movement except 

in certain directions. 

The leaves of a number of different sj^ccics of plants undergo maiked 
changes in position during the day and night. In some species the leaves 
droop at night and become oriented more or less horizontally during the 
day. The common jewel-weed {IiyipotifTt’^) and some othei members of 
this family react in this way. The leaves of other species, notably the pig- 
weeds (Amaranthus) f move upward into a more nearly vertical position 
at night from the approximately horizontal position occupied during the 
day. Both of these kinds of movements are caused by differences in the 
rate of growth on the two sides of the leaf. The downward movement of 
leaves in the dark is the result of a more rapid growth upon the upper 
than upon the lower surface of the petiole while in those species in which 
the leaves move upw'ard in the dark the growth rate is more rapid upon 
the lower side of the petiole. The movements just described are growth 
niovements and cease entirely when the leaf reaches its full size. 

Many of the movements of leaves and leaflets, however, are turgor 
niovements rather than gro\vth movements. Such movements are discussed 
later in the chapter. 

Some flowers also exhibit such photonastic movements. Oxalis flowers, 
for instance, close at night w'hile those ot the evening primrose (Oeno- 
thera) open during the evening and night and close early on the following 
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day as a consequence of photonastic reactions (Goldsmith and Hafen- 
richter, 1932). 

Temperature changes may likewise bring about nastic movements of 

t le flower petals of some species. In Crocus flowers, for example, an in- 

crease in temperature induces a more rapid growth of the inner ’surface 

of the petals than of the outer side resulting in the partial or complete 

opening of the flower. A decrease in temperature has the opposite effect, 

increasing the growth rate on the lower side more than that of the upper 
surface. 

Nastic movements are growth movements and might, therefore, be ex- 
pected to have some relation to the distribution of auxins in the tissues 
affected. Zimmennan and \\ ilcoxon (1935) were able to produce epinasty 
in the leaves of several species of plants by the application of different 
growth promoting substances. Avery (1935) demonstrated that typical 
nastic responses can be induced by the application of small amounts of 
auxins to the base of the petiole of tobacco leaves. 

Nutation. — All growing stem tips describe an irregular spiral path in 
space as they elongate. This phenomenon, as previously mentioned, is 
known as nutation and appears to be caused, in most plants at least, by 
internal factors that affect the growth rate of vertical segments of the 
stem in the region of elongation. 

The most striking examples of nutation are found among twining plants. 
The nutation of the stem tips of such species is at least partly a conse- 
quence of the influence of gravity. The stem tips of twiners are usually 
long and slender and devoid of leaves. Their mechanical tissues are not 
well developed so that the tip of the stem usually droops over into a more 
or less horizontal position. More rapid growth on the lower and outermost 
sides of the stem results in the upward swinging movements of the tip. This 
growth is associated with a twisting of the stem which follows as a result 
of the unequal growth rates so that different segments of the tip become 
successively placed on the lower side of the stem. It has been pointed out 
earlier that growth substances are known to accumulate in the lower half 
of horizontally placed stem tips. It seems probable that similar accumula- 
tions of auxin may influence the nutational movements of the stem tips 
of twining plants. 

Turgor Movements. — In contrast to the growth movements which always 
involve a permanent increase in the size or number of cells in the tissues 
concerned, there are many movements which result from reversible 
changes in cell size. These are caused by variations, sometimes very rapid, 
of the turgor pressure in the cells concerned. Because of their dependence 
upon changes in turgor pressure, movements of this kind are known as 
turgor movements. ^ 
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Turgor movements are responsible for the foiling or rolling of the leaves 
of many grasses during wilting, for the so-called “sleep movements’’ that 
occur at night in the leaves of a number of spc'cies and for the siulden and 
spectacular movements that occur in the “sensitive plant” {Mimosa 
imdica) under the influence of various “stimuli.” 

Many turgor movements are caused by variations in the turgor of spe- 
cial cells or (trgans. The folding and rolling mo\’ements of blue grass 
leaves, for example, result from turgor changes in large, thin-walled cells 
that are located on the upper leaf surface at the base of two grooves that 
run parallel with the principal veins (Fig. 179). \\'hen turgor is high the 



A 

LEAF IN FOLDED CONDITION 



c 


Fig. 179. (A) Outline drawing of 

blue grass (Poa pratensis) leaf in 
folded condition, (B) in expanded 
condition, (C) detailed drawing of 
mid-portion of the leaf showing the 
bulliforrn cells,” changes in the 
turgor of which control the folding 
and opening of the leaf. 



A 

LEAF IN ROLLED CONDITION 



B 

LEAF IN EXPANDED CONDITION 



Fig. 180. (A) Outline drawing of sand 

reed {Amophila) leaf in rolled condition, 
(B) in expanded condition, (C) detailed 
drawing of mid-portion of the leaf show- 
ing a few of the “bulliforin cells,” changes 
in the turgor of which are responsible for 
the rolling and opening of the leaf. 
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distention of these cells holds the leaf blade exf)anded and relatively flat, 
but when the turgor pressure of these cells decreases the pressure of the 
cells' on the opposite side of the leaf forces the leaf blade to fold. 

Tn the sand reed (AmmophiLa) such cells occur at the base of a number 

of grooves in the upper surface of the leaf, and upon 

the loss of turgor of these cells the leaf rolls up (Fig 
1801. 




N In some species of plants movements result from 
turgor changes in the cells of pulvini. These structures 
are found in many species of the Leguminosae. Pul- 
vini are commonly located at the base of the petiole 
and at the point of attachment of the leaf blade to the 
petiole. Externally they appear as short, more or less 
swollen portions of the petiole. When pulvini are pres- 
ent in compound leaves there is usually one at the 
point of attachment of each leaflet to the petiole as 
well as one at the base of the petiole. A pulvinus is 
composed of a compact mass of large, thin-walled cells 
which surround a central vascular strand (Fig. 181). 

When all of the cells in a pulvinus are distended by 
their turgor pressure the leaf is firmly supported. 
Movements result from sudden changes in the turgor 
of the cells in one portion of the pulvinus, while the 
turgor of cells on the opposite side is maintained or 
even increased. The unequal pressures thus arising on 
the tw'o sides of the pulvinus cause the petiole to move 
toward the side having the reduced pressure. As the 
flaccid cells of the pulvinus regain their turgor the 
petiole is pushed slowly back into the position oc- 
cupied before the movement occurred. Frequently the 
loss of turgor occurs very rapidly. In the sensitive 
plant detectable turgor movements have been reported 
to occur within 0.075 sec. after '^stimulation,^* and the 
reaction may be complete in little more than a second. 
Recovery of turgor commonly occurs in from 8 to 20 
min. The speed of the reaction and the time of recovery vary greatly 
with the intensity of the causal factor, the resulting movement being 
more rapid and recovery slower when the initiating factor is intense than 
when it is weak. In many species, however, pulvinal movements are too 
slow to be noticed without measurement. 

The mechanism causing the sudden changes in turgor of the cells m 


Fio. 181 . Dia- 
grams showing 
the distribution 
of the vascular 
tissue (shaded) in 

(A) cross section 
of a pulvinus, 

(B) the transition 
zone between a 
pulvinus and a 
petiole (longitudi- 
nal section), and 

(C) cross section 
of a petiole. 


one part of the pulvinus is not clearly understood. Water moves out of 
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the ceils into the adjacent intercellular si)aces, and some [)robably enters 
other nearby cells of the i)etiole or stem. This outward movement of water 
from the cells into the intercellular spaces appears to be acconij)anied by 
an increase in the permeability of their cytoplasmic membranes and also 
by a decrease in the osmotically active contents of these cells (Blackman 
and Paine, 1918). All of these changes are reversible, since turgor may be 



Pig. 182. A sensitive plant {Mimosa pudica). Left: leaves in expanded condi- 
tion; right; leaves in a collapsed condition as a result of turgor movements. 

regained by the flaccid cells of the pulvinus within a short period of time. 

Turgor movements may be initiated in many different ways. In the 
sensitive plant (Fig. 182), movements result from physical contact, in- 
jury, exposure to various gases, electrical shock, jarring, insufficient water 

supply^ the change from light to darkness or vice versUy and from other 
factors as well. 

The sensitive plant also exhibits a difference in reactivity to the various 
wave lengths of light. Turgor movements result when darkened plants 
fire illuminated by wave lengths of light of suitable intensity in the blue. 
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the long ultra\ iolet, and the long red. No movements occur from exposure 

to wave lengths in the orange, yellow green, or infrared (Burkholder and 
Pratt, 1936). 

The en\ ironmerjtal factors initiating the movements may be received 



Fig. 183. Venus fly-trap (Dionea mitscipttia). Photograph by L. A. Whitford. 
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by organs at considerable distance from the pulvinus in which the turgor 
changes causing the movement actually take place. If a terminal leaflet 
of one leaf of a large sensitive plant is burned by a flame, all of the leaves 
on the entire plant may react with vigorous turgor movements. The con- 
spicuous turgor movements that may easily be evoked in tins plant have 
interested many students and the jihenomenon has been exhaustively 
studied, especially with reference to the mechanism of “stimulus’* trans- 
mission (Houwink, 1935). When the “stimulus” is mild (cool drops of 
water applied to the leaflets), it appears to be transmitt^'d only through 
living cells, and the rate of transmission is controlled by the temperature. 
When a leaflet is injured by burning or cutting, substances appear to be 
formed at the point of injury, and the transmission of these compounds 
through the nonliving vessels of the vascular system a)^])arently causes 
the reaction of pulvini located at some distance from the point at which 
the injury occurred. AVhatever may be the mechanism by which reactions 
are induced at some distance from the point at which the initiating factor 
acted, the effect is the same: a rapid loss of turgor in the cells on one side 
of the pulvinus coupled with a maintenance or even an increase in turgor 
in the cells on the opposite side of the organ. 

Movements in Carnivorous Plants. — Some of the most rapid movements 
known to occur in plants are those associated with the mechanisms by 
which insects and other small animals are captured by certain of the 
so-called “carnivorous” plants. The two halves of the leaf blade of the 
Venus fly-trap (Dionea musci'pula) , for example, spring together like the 
jaws of a steel trap wdien the trigger hairs on the leaf surface are given 
gentle pressure (Fig. 183). The whole process of closure may take place 
in less than 0.5 sec. so that small insects on the leaf surface are often 
imprisoned between the appressed halves of the leaf blade. The rapid 
movements of the leaf appear to result from tensions produced by dif- 
ferences in the growth of the upper and lower surfaces of the leaf blade. 
The way in which these tensions are suddenly released causing the move- 
ment of the leaf blade is not knowm. 

Even more rapid movements are known to occur in other species of 
carnivorous plants, but, because of the variety of mechanisms involved 
and the complexity of the physiological processes responsible for these 
movements, it is not possible to give them adequate treatment here. For 
detailed descriptions of these unusual plants and their movements the 
student is referred to the monograph of Lloyd (1942). 
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Desiccation of cells, 266-267, 618, 622 
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methods of breaking, 718-721 
methods of prolonging, 721-722 
Dormancy of seeds, 703, 709-712 
methods of breaking, 713-715 
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Drought resistance, 263-267 
Dynamic equilibrium, 12, 34, 73, 112- 
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of cell walls, 56 
of cytoplasm, 60 
Electric double layer, 34-35, 92 
Electrical charge, 

on colloidal particles, 33-36 
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Electrical conductivity, 
in gels, 43 
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Electrical potentials in plants, 699 
Electrolysis, 11 
Electrolytes, 11-14 
absorption by plant cells, 461-469 
dissociation of, 12-13 
osmotic pressure of, 89-90 
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branes to, 460-461 
Electrolytes,, effect of, 
in flocculating sols, 37-41 
ori permeability, 474 
Electron microsebpey 55 
Electro-osmosis, 92 
EIcctrophoresifi^5 
Elements in plants, 457-458 
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Embryo culture, 662-664 
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Embryo sac, 654-655 
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Emulsions, 28-29 
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Endoenzymes, 289 
Endosperm, 290-291, 655, 657, 703 
Energy release during respiration, 397- 
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Energy transfer during respiration, 
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Enlargement (elongation) phase of 
growth, 594-595 
Enolase, 273, 424, 425 
Enzymatic activity, factors affecting, 
281-285' 




nzymes, 

catalytic properties of, 271, 276-277 
chemical nature of, 275-276 
^ classification of, 272-273 
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general nature, 270-271, 274-275 
heat sensitivity of, 278-279 
hydrolyzing, 272 
in relation to vitamins, 287 
mechanism of action of, 287-289 
production of by plants, 289-290 
reversibility of reaction, 278 
specificity of, 277-278 
synthesis of in plants, 286-287 
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Epinasty, 640-641, 737, 750 
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Essential oils, 453-454 
Essential plant elements, 475-478 
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Ethyl acetate, 443 

Ethyl alcohol, 418, 419, 426, 443, 447 
Ethylene, 

effect on flowering, 684 
effect on growth, 640-641 
emanation from plants, 662 
Ethylene chlorhydrin, 695, 720 
Ethylene dichlorid, 720, 721 
Etiolation, 625-626 
Evaporation, 126-128 

in relation to transpiration, 124-126 

measurement of, 1^ 

Exoenzymes, 289 
Exudation from phloem, ^7-548 
Exudation from xylem, 137, 192-193, 
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Fats, 443, 444 
storage of, 451-452, 605 
synthesis of, 445-449 
Fatty acids, 444-445, 446 
synthesis of, 447-448 
Fermentation, 420 
Fermentation, alcoholic, 417-419 
Fertilization, 654-655 
Fibrils in cell walls, 53-54 
Field capacity, 214-215, 216, 237-238, 
243, 634 

Filterability of sols, 30 
Flocculation of sols, 36-42 
Florigen, 548, 674-675 
Flowers, initiation and development of, 
648-650 

Fluorescence of chlorophylls, 297 
Fluorine, role of, 489 
Freezing injury, 618-621 
Freezing point depression, relation to 
osmotic pressure, 91-92 
Frost resistance, 620-621 
Fructose, 274, 278, 314, 369, 372, 378, 
384 

Fructose-1, 6-diphosphate, 382, 384, 424 
Fructose-6-phosphate, 382, 384 
Fruits, 

development of, 658-662 
sterile culture of, 664 
Fumaric acid, 428, 432, 435 
Funiculus, 702 

Galactans, 372, 378 
Galactose, 278, 372, 379 
Galacturonic acid, 379 
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Gases, effects of on vegetative growth, 
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Gay-Lussac's law, 91 
Gelation, 
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of sols, 43 
Gels, 42-44 
Genes, 286, 512 

Genetic constitution, role in plant de- 
velopment, 609-611 
Gentianose, 373 
Geotropism, 744-747 
Germination, 
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of seeds, 703-709 
Girdling, see ringing 
Glands, 137-138 

Glucose, 52, 271, 274, 314, 369, 370, 371, 
372, 377, 384 » » * , 
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Glucose-6-phosphate, 381, 382, 383, 384 

Glutamic acid, 504, 507, 508, 514 

Glutamine, 514-516 

Glyceric acid, 325 

Glycerol, 446-447, 448, 449 

Glycerophosphate, 446-447 

Glycine, 503, 504, 509, 510 

Glycogen, 377 

Glycolysis, 423-426 

Glycosides, 387-388 

Graham’s law of diffusion, 77 

Grana, 64, 296, 324 

Growth, 

dynamics of, 586-596 
indices of, 602-604 
physiological aspects of, 592-596 
primary, 583, 586-596 
rates of, 604 

secondary, 182-186, 529-530, 584, 
598-601 

vegetative and reproductive, perio- 
dicity of, 731-732 
Growth, reproductive, 
effect of carbohydrate metabolism 
on, 683-684 

effect of light duration on, 668-680 
effect of light intensity on, 667, 676 
effect of light quality on, 667-668, 
679 

effect of nitrogen metabolism on, 
683-684 

effect of temperature on, 680-683 
Growth, vegetative, 
daily periodicity of, 725-728 
effect of atmospheric gases on, 640- 
641 

effect of carbohydrate metabolism 
on, 638-640 

effect of concentration of soil solu- 
tion on, 635-636 
effect of infrared on, 630 
effect of light duration on, 630-633 
effect of light intensity on, 624-627 
effect of light quality on, 627-630 
effect of nitrogen metabolism on, 
638-640 

effect of soil aeration on, 636-637 
effect of temperature on, 613-618 
effect of ultraviolet on, 629-630 
effect of water on, 633-635 
phases of, 592-596 

roles of mineral elements in, 473-475, 
478-490, 637-638 
seasonal periodicity of, 728-731 
Growth correlations, see correlations 
Growth hormones, 555 
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Growth of leaves, 596-597 
Growth of roots, 230-234, 238, 587-589 
Growth of stems, 589-592 
Growth regulators, 555 
Growth substances, 555 
Guard cells, 124, 125, 140-141, 142 
osmotic pressure of, 151 
pU of, 150-152 
Chims, 380 
Gutfation, 136-137 

Hairs, epidermal, effect of, on transpi- 
ration, 1(58 
Hardening, 620-621 
Hay fever, 654 
Hcartwood, 184-187 
Heat of imbibition, 97 
Heat of respiration, 396-398 
Heat resistance, 622-624 
Hemicellulase, 272, 291 
Hemicelluloses, 57, 378-379 
Henry’s law, 8 
Heteroauxin, 560 
Hexokinase, 273, 382, 384 
Hexosans, 374-379 
Hexoses, 371-372 
Hill reaction, 324, 328 
Hilum, 702 

Hormones, 119, 287, 434, 436, 438, 450, 
489, 508, 555-575, 584-585, 632, 
658-661, 663, 664, 674-675, 684- 
685, 695-696, 697, 698, 733-734, 
740-741, 744-746 
Humiditv, 159-160 
effect on transpiration, 160-161 
effect on vegetative growth, 634 
Humus, 208-209 
Hydathodes, 137 
Hydrases, 273, 434 

Hydration of micelles. 28 . 29-30, 39-40 
Hydration of molecules, 90-91 
Hy dration of protoplasm, 

in7elaIiM~TTr enzymatic activity, 283 
in relation to growth, 592, 594, 633 
in relation to photosynthesis, 357, 
360 

in relation to respiration, 407, 411- 
412 

H ydra tion of solutes, effect on osmotic 
p f essTir^,' 90-9 1 
Hydration mSv^ents, 738 
Hydrogen equivalent, 15 
Hydrogen ion concentration (see also 
pH), 15-18 
Hydrolysis. 15 


Hydrophytes, 245-246 
Hydroponics, 496 
Hydrotropism, 748 
Hydroxyquinone, 437 
Hygrometric paper, 131 
Hypertonic solutions, 106 
Hypocotyl, 702, 703 
Hyponasty, 737 
Hypotonic solutions, 106 
Hysteresis, 44-45 

Ice formation in plant tissues, 618-619 
Imbibition, 95-99 
Imbibition pressure, 99-100 
measurement of, 101 
Imbibitional mechanism of water move- 
ment, 118-119 

Indoleacetic acid, 560, 561, 562, 565, 
586, 660, 684, 697, 734, 746 
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Induction period in photosynthesis, 328 
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effect of on vegetative growth, 630 
Inhibitors, enzymatic, 284-286, 359, 
413, 437, 439, 569 
Inhibitors, germination, 712 
Initial cells, 587, 589 
Initiation of flow'ers, 648-650 
Injury, effect of, on respiration, 413 
Inositol, 450, 572, 573 
Intake of water, see absorption of 
water 

Intercellular spaces, 124-125, 160-161, 
163-165, 171-172, 231, 313, 597, 619 
Internal surface of leaves, effect of, 
on photosynthesis, 313 
on transpiration, 168-169 
Intussusception, 595 
Inulase, 272, 378 
Inulin, 377-378 
Invertase, see sucrase 
Iodine, role of, 489 

Ionic exchange mechanism of salt ab- 
sorption, 468-469 
Ions, 12 

accumulation by plant cells, 462-468 
Iron, role of, 303, 483 
Irradiance, see light intensit> 

Isocitric acid, 428, 432, 433 
Isoelectric point, 
of cytoplasm, 61-62 
of gelatin, 41 
of sols, 37 

Isomerism of sugars, 369-370 
Isoprene, 453 

Isopropylphenyl carbamate, 568 
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Isotonic solutions, 106 
Isotopes, use of as tracers, 318-320, 323, 
324-326, 341, 433, 468, 470, 507, 
532, 538-540, 541-542, 543 

oe-Ketoglutaric acid, 428, 420, 432, 
507, 508 

Latex, 454 

Law of the minimum, 335, 612 
Leaf gap, 598 
Leaf mosaics, 738 
Leaf primordia, 596 
Leaves, 

anatomy of, 124-126 
autumnal coloration of, 390 
daily variations in water content of, 
253-255 

development of, 596-597 
optical properties of, 345-346 
temperature of, 161-163 
Lecithin, 449 

Lenticular transpiration, 123 
Leucine, 504, 508 
Leucoplasts, 65, 375-376 
Light, 293-296 
Light, effect of, 
on anthocyanin synthesis, 389 
on chlorophyll synthesis, 302 
on germination, 708-709 
on respiration, 412-413 
on stomatal opening, 149-151 
on transpiration, 158-159 
Light, role in photosynthesis, 345-353 
Light duration, effect of, 
on photosynthesis, 353 
on reproductive growth, 668-680 
on vegetative growth, 630-633 
Light intensity, effect of, 
on photosynthesis, 346-352 
on phototropiam, 742-744 
on reproductive growth, 667, 676 
on vegetative growth, 624-627, 726- 
727 

Light quality, effect of, 
on chlorophyll synthesis, 302 
on photosynthesis, 352-353 
on phototropism, 741-742 
on pulvinal movements, 753-754 
on reproductive growth, 667-668, 679 
on stomatal opening, 149 
on vegetative growth, 627-630 
Light reaction, of photosynthesis, 322 
Lignin 56 

Limiting factors, principle of, 335-338, 

612 ‘ ^ I ' 


Lipases, 272, 448-449 
'J^ids, 58-59, 443-444 ,) 

Lotrgp vity of o co efepTITr 
Luteol, 304 
Lycopene, 304 

Macrometaboltc elements, 477 
Magnesium, role of, 303, 481 
Maleic hvdrazide, 568, 569, 684 
Malic acid, 404, 428, 432, 433 
:\Ialtase, 271,384, 385 
Maltose, 271, 373, 383, 384 
Manganese, role of, 303, 483-484 
Mannans, 372, 378 
Mannose, 370, 372 

Mass flow hypothesis of solute translo- 
cation, 545-549 

Mechanical effects on respiration, 413 
Melezitose, 374 
Melibiose, 278 
Membranes, 82-84 
of plant cells, 103-104 
Meristems, 230-231, 582-583, 586-596, 
598-601, 648-650, 661 
Metabolic mechanism of water move- 
ment, 119-120 
Metabolic water, 396 
Methionine, 504, 509 
Methylene blue, 435 
Micelles, 
in cell walls, 53 
in colloidal systems, 27 
of clay, 207 

Micrometabolic elements, 477-478 
Micropyle, 702 
Middle lamella, 47, 51 
Milliequivalent, 462 

Mineral element deficiency, symptoms 
of, 490-492 
Mineral elements, 

redistribution in plants, 473, 479, 
480, 481, 482 

roles in plants, 473-475, 478-490 
Mineral matter of soil, 206-208 
Mineral salts, 
absorption of, 461-469 
outward movement from leaves, 540- 
542 

translocation of, 537-540 
Moisture equivalent, 216-217 
Mol, 10 

Molar solutions, 10 
Molybdenum, i*ole of, 486 
Monosaccharides, 59, 368, 371-372 
Movement of water, see translocation 
of water 
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Movements of plants, 736-738 
Mucilages, 57, 380 
Mycorrhizas, 469-470 


Of-NAPHTHALENEACETic acid, 563, 566, 
586, 660, 684, 695, 722, 734 
a-Naphthoxyacetic acid, 563, 660 
Narcotics, effect of, 
on photosynthesis, 359 
on respiration, 413 
Nastic movements, 737, 749-750 
Neutralization, 15 
Nicotine, 516-517 

Nicotinic acid (niacin), 436, 572, 573, 
574, 584 
Nitrates, 

effect of on shoot-root ratio, 691-692 
reduction in plants, 505-506 
Nitrification, 520 
Nitrogen cycle, 521 
Nitrogen fixation, 517-520 
Nitrogen metabolism, effect of, 
on reproductive growth, 683-684 
on vegetative growth, 592, 594, 638- 
640 

Nitrogenous compounds, absorption of, 
503-504 

Non-electrolytes, 11-14 
Normal solutions, 15 
Nucleic acids, 59, 479, 512-513 
Nucleoproteins, 59, 512 -513 
Nucleus, 65 

Nutation, 737, 747, 750 
Nutrient solutions, 474-477, 492-497 


Oils, see fats 
Oleic acid, 445 
Oligosaccharides, 368 
Optical activity of sugars, 369 
Optical properties of leaves, 345-346 
Organic acid metabolism, 431-433, 467 
Organic matter in the soil, 208-209 
Osmosis, 81-82, 86-89 

Osmotic movement of water from cell 
to cell, 114-117 
Osmotic pressure, 85-86 
analogies of with gas pressure, 89 
at incipient plasmolysis, 107, 113-114 
effect of hydration of solutes on, 90- 
91 

effect on imbibition, 98-99 
effect of ionization on, 89-90 
effect of temperature on, 91 
measurement of, 91-92 


Osmotic pressure (Continued) 

relation to freezing point depression, i 
91-92 I 

relation to solution concentration, 89 | 

Osmotic pressures of guard cells, 151 ; 

Osniotic pressures of plant cells, > 

diurnal variations in, 257-258 
factors influencing, 109-111, 242-243 
474 

magnitude, 109, 111 
methods of determining, 107-109 
seasonal variations in, 385 
Osmotic pressures of solutions, 89-91 
Osmotic quantities of plant cells, 110- 
115 

diurnal variations in, 257-258 
relation to movement of water, 115- , 

117 ' 

Oxalacetic acid, 427, 428, 432, 433, 507, 1 

508 f 

Oxalic acid, 66, 404 
Oxalsuccinic acid, 433 

Oxidases, 273, 437-439 j 

Oxygen, effect of, I 

on absorption of water, 244-246 
on absorption of mineral salts, 463- 
464 

on chlorophyll synthesis, 303 
on germination, 707-708 
on growth, 636-637, 640 j 

on photosynthesis, 349-351, 358-359 
on protoplasmic streaming, 62 
on respiration, 409-410 
Oxygen, source of that released in pho- }. 

tosynthesis, 323-324 

Palmitic acid, 448 - j 

Pantothenic acid, 572, 573 
Papain, 272, 508-509 ; 

Para-aminobenzoic acid, 285, 572 . ! 

Parthenocarpy, 659-661 

Parthenogenesis, 656 i 

Partial pressure, 9, 76 ! ! 

Passage cells, 237 j j 

Passive absorption, 239-240 J , 

Pasteur effect, 422-423 , 

Pectase, 272, 380 1 

Pectic compounds, 51, 53, 235, 379-380 i 

Pectinase, 272, 380 i 

Pentosans, 374 1 

Pentoses, 371-372 ; 

Peptide linkage, 509 ' 

Peptones, 503, MO j 

Pericycle, 231, 232, 233, 234, 237, 526 ^ ^ 

Periderm, 602 y , 

Perimeter law, 145 
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Periodicity, cyclical, of vegetative and 
reproductive growth, 731-732 

Periodicity, daily, 

of absorption of water, 255-257 
of photosynthesis, 361-362 
of solute translocation, 545 
of stomatal opening, 152-155 
of transpiration, 160-174, 255-257 
of vegetative growth, 725-728 
Perisperm, 657, 703 

Permanent wilting percentage, 21 (-‘-18, 

237-238, 243, 634 
Permeability, 

effect of mineral salts on, 474 
in relation to salt accumulation, 466 
of cell walls, 104 

of cytoplasmic membranes, 104-105 
of membranes, 82-84 
Peroxidases, 273, 439 
f pH, 

of acids and bases, 18, 474 
of cell sap, 66-67 
of cytoplasm, 66-67 
of guard cells, 150-152 
of water, 18, 19 

relation to hydrogen ion concentra- 
tion, 14-18 
pH, effect of, 

on enzymatic reactions, 282-283 
on starch-sugar equilibrium, 150-151, 
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Phellogen, see cork cambium 
Phenylalanine, 504, 508 
Phloem, 124, 180-183, 231-233, 525-530, 
i. 582, 591, 599-601 

Phloem, internal, 526 
Phloem, primary, 180, 231-233, 526, 599 
Phloem, secondary, 180-183, 187, 232- 
233, 599-600 

Phloem, exudation, 547-548 
Phloem hbers, 529 
Phloem parenchyma, 527, 529 
Phloem rays, 190, 529 
Phosphatases, 273, 382, 384, 447 
Phosphate esters, of sugars, 381-382 
Phosphoglyceraldehyde, 424, 425 
Phosphoglyceric acid, 325, 424, 425 
Phosphoglucomutase, 382, 384 
Phosphohexokinase, 382, 384 
Phosphohexose isomerase, 382, 384 
Phospholipids, 58, 59, 449-450 
Phosphopyruvic acid, 424, 425 
Phosphorolysis, of starch, 383 
Phosphorylases, 150, 273, 278, 382, 383, 
384 

t Phosphorus, role of, 479-480 


Photonasty, 749-750 
Photons, 294 
Photo-oxidation, 349-351 
Photoperiodic induction, 642, 672-673 
Photoperiodism, 630-633, 668-680 
Photosynthesis, 309-312 
apparent, 316-317 
carbon pathway in, 324-326 
daily variations in, 361-362 
effect of accumulation of products 

on, 361 

effect of certain chemicals on, 359 
effect of chlorophyll content on, 360 
effect of intermittent light on, 322- 
323 

effect of oxygen on, 358-359 
effect of protoplasmic factors on, 321 
effect of temperature on, 353-356 
effect of time factor on, 354-356 
efficiency of, 328-330 
induction period of, 328 
in sulfur bacteria, 326 
light and dark reactions of, 322-323 
magnitude of, 328-330 
measurement of, 317-318 
mechanism of, 320-328 
products of, 313-315 
quantum requirement of, 327-328 
relation of leaf anatomy to, 313, 361 
role of carbon dioxide in, 322, 338- 
345 

role of chloroplast pigments in, 320- 
321 

role of enzymes in, 321 

role of light in, 345-352 

role of water in, 356-358 

source of ox>'gen released in, 323-324 

I Phototropism, 738-744 
Phycobilins, 296, 321 
Phycocyanin, 296, 321 
Phycoerythrin, 296, 321 
Phyllocaline, 570 

Physiological preconditioning, 642-643 
Phytohormones, 555 
Phytol, 297, 298 
Phytosterols, 59, 450 
Pits in cell walls, 184, 185, 186, 187, 
188, 191, 528 
Plant cells, 

as osmotic systems, 105-107 
buffer action in, 67 
classification of parts of, 49 
development of, 49-50 
forms and sizes of, 50 
osmotic pressures of, 109 
pH of, 66-67 
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Plant ceils (Continued) 
size, 50 

structure of, 47-49 
Plant movements, 736-738 
Plasmagenes, 287 
Plasmalemma, 103 
Plasmodesms, 48 
Plasmolysis, 105-107 
Plasmolytic method of fletermining os- 
morie pressures, 107-108 
Plastids, 64-65 
Plumule, 290, 702, 703 
Polarity of plant organs, 698-690 
Pollen, germination of, 652-653 
Pollination, 650-652 
Polyembryony, 656 
Polypeptides, 503, 510 
Polysaccharides, 374-381 
Pore space in soil, 210 
Potassium, role of, 481-483 
Potometers, 129-131 
Precipitation of sols, 37 
Primary salt absorption, 4()2 
Promeristem, 587, 589 
Prosthetic group, 275-276 
Proteins, 501-503 
amphoteric properties of, 41-42 
as a protoplasmic constituent, 59, 
501, 592 

colloidal properties of, 41-42 
storage of, 501, 605 
synthesis of, 509-512, 513 
Proteoses, 503, 510 
Protochlorophyll, 302 
Protopectinase, 272, 380 
Protoplasm, see also cytoplasm 
nucleus 

chemical composition of, 58-60 
coagulation of, 61, 623 
streaming of, 62-63, 549-550 
Pseudogamy, 656 
Pulvinus, 738, 752-753 
Purine bases, 512 
Pyridoxine, 508, 573, 574, 584 
Pyrimidine bases, 512 
Pyruvic acid, 278, 424, 426, 427, 428, 
432, 433, 507, 508 
aerobic oxidation of, 427-430 
anaerobic oxidation of, 426-427 


and 


Qio, 77 

of diffusion, 77 

of enzymatic reactions, 281-282 
of photosynthesis, 322 
of respiration, 408 
of salt accumulation, 467 


Quanta, 294-295 


5 


Radiant energy, 162, 293-296 
dissipation of by leaves, 134-135 
effect of on enzymes, 286 
effect of on growth, 624-633, 667-680 
effect of on transpiration, 158-159 
Radiation, 162 
Radicle, 702 
Raffinose, 278, 373 
Raphe, 702 

Redistribution of mineral elements in 
plants, 413, 479, 480, 481, 482, 540- 
542 

Redistribution of water in plants, 260- 
262 

Reducing action of sugars, 368-369 
Reduction of nitrates, 505 
Reductive nmination, 507 
Reflection of light from leaves, 345 
Relative humidity, 159 
Reproductive growth, 
correlations with vegetative growth, 
690-691 , 

effect of carboh 3 ’drate and nitroj^n 
metabolism on, 683-684 , ■ 

effect of light duration on^ 668-680 
Respiration, 

energy release during, 396-398 
energy transfer during, 430-431 
in relation to growth, 593, 594, 596 
intramolecular, 420 
substrates of, 396 
Respiration, aerobic, 394-399 
compara^'e rates of, 400-401 
factors a^cting, 406-41-4 
mechanism of, 423-426, 427-430 
methods of measuring, 399-400 
Respiration, anaerobic, 405, 417-423 
injurious effects of, 422 
mechanism of, 423-427 
Respiratory ratio, 402-406 ' 

Rest period, see dormancy ^7. ’ 

Rhizocaline, 570, 586, 597, 694 
Riboflavin, 436-437, 572, 573, 574, 585, ' 


741, 742 

Ribose, 372, 430^ 512 
Rin* structure of sugars, 370-371 
Ringing, ^1, 535-536, 537 
Roqt cap, 229, 230, 290 
Ro^ formation, effect of auxins on, 

» 5|i-566 

moot Hairs, 229, 234-236 
Root pressure, 192-194, 240-242 
Root systems, 226-229 
^ relation of to^lMbspi ration, 168 
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Transpiration (Continued) 

e^ct of leaf structure on, 167-169 

effect of light on, 158 
effect of soil temperature on, 167 
effect of soil water conditions on, 167 
effect of structure of root system on, 
168 

effect of sunken stoma tes on, 168 
effect of temperature on, 163-165 
effe ’t of wind on, 165-167 
in *eiation to absorption of salts, 133- 
134, 455-466 

in relation to absorption of water, 
133, 239-240, 255-257 
in relation to translocation of solutes, 
133-134, 465-466 

in relation to translocation of water, 
133, 195-196, 201 
magnitude of, 131-132 
measurement of, 128-131 
mechanics ot, 123-126 
role in dissipation of solar energy, 
134 

seasonal variations in, 174-175 
significance of, 133-136 
Transport of solutes, see translocation 
oi solutes 

Traumatic acid, 570 
Traumatotropism, 748-749 
Trees, height of, 178 
Trehalose, 373 

Tricarboxylic acid cycle, 428 
Triiodobenzoic acid, 684 
Triphosphopyridine nucleotide, 436 
Triple fusion, 654-655 
Trisaccharides, 373-374 
Tropic movements, 736-737 
Tryptophane, 286, 504, 561 
Tuberization, 

effect of light duration on, 632 
effect of temperature on, 616-617 
Turgor deficit, 114 
Tu ;or movements, 737-738, 750-755 
Turgor pressure, 86-88, 100-101, 112- 
116, 184, 258, 260, 546-547, 595, 
751-752 

Tyndall phenomenon, 30-32 
Tyrosinase, 273, 437-438 

Ultrafiltration, 30 
Ultramicroscope, 31 
Ultraviolet, 294 

Ultraviolet, effect of, on vegetative 
growth, 629-630 

Uptake of water, see absorption of 
water 


Urea, 516 

Urease, 272, 275, 516 

Vacuolar membrane, 103 
Vacuole, 65-66 
Valine, 504, 508 
Vapor pressure, 
actual, 159-160 

of atmosphere, 153, 160-161, 162-165 
of intercellular spaces, 161, 162-165, 
170-173 

relation to diffusion pressure deficit, 
171 

saturation, 127-128 
Vascular rays, 190, 529, 598 
Vegetative growth, correlations with 
reproductive growth, 690-691 
Vernalization, 642-643 
Vessel segment, 189 
Vessels, 181, 182, 184, 185, 187-189, 231, 
526, 733 

Viability of seeds, 716-717 

Viruses, 513 

Viscosity, 

of cytoplasm, 60-61 
of sols, 33 

“Vital” theories of translocation of 
water, 191-192 

Vitamins, 285, 287, 434, 436, 438, 450, 
490, 508, 570-575, 584-585, 741 
Vitrification of tissues, 622 

Water, 

as a membrane, 83 
as a solvent, 7 

cohesion of, 194-195, 197-199 
pH of, 18, 19 

redistribution in plants, 260-262 
tension in, 115, 195-196, 199-201, 239, 
259-260 

Water, movement of in soil, 211-215 
Water, effect of, 
on germination, 707 
on vegetative growth, 633-635, 726- 
*■727 

Water content of leaves, 259 
daily variations in, 253-255 
Water content of leaves, effect of, 
on photosynthesis, 356-357 
on starch-sugar equilibrium, 386 
on stomatal opening, 151, '152 
Water content of soils, 216-220 
Water content of soils, effect of, 
on absorption of water, 243 
on shoot-root ratio, 693 
on transpiration, 167, 173-174, 358 
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Water content of tree trunks, 187, 194 

Water relations of the soil, 211-215 

Water stomates, 137 

Water table, 211-212 

Waxes, 450 

Wilting, 

incipient, 152, 171, 252, 255 
permanent, 217-218, 252, 258-200 
temporary (transient), 251-252, 255, 
259 

Wilting ])ercentage, see permanent 
wilting j^ercentage 
Wilting range, 219-220 
Wind, effect on transpiration, 105-107 
Winter-killing, 174, 018 
Wood and Workman reaction, 433 
Wood fibers, 189 

Wood parenclnma, 185, 189-190, 600 
Wood rays, 184, 185, ISO, 190 


Wound hormones, 570 

Xanthophylls, 304, 306, 390 
Xylans, 374 
Xvlem, 124, 179, 180-191, 231-232, 233 
526, 582, 591 

Xylem, primary, 231-232, 233, 526, 59? 
Xylem, secondary, 182, 183, 187, 232 
599 

X\'lem, exudation fr^m, 137, 192-193 
202-203, 240 
X>'lem fii)ers, 189 

X>Iem iiarenchyma, 185, 189-190, 60C 
X\ lem rays, 184, 185, 186, 190 
Xylose, 372 

Zinc, role of, 485-486, 561 
Z> inase, 418 
Zymogens, 276 
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